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A STUDY OF THE REACTIONS OF VARIOUS INORGANIC 
AND ORGANIC SALTS IN PREVENTING 
SCALE IN STEAM BOILERS 


I. IytTrRopuctTion 


1. Purpose of Investigation—Engineers in power plants are con- 
tinuously facing the problem of scale prevention in steam boilers. In 
attempting to prevent the formation of scale it is essential that they 
have available data from which to formulate or select the particular 
treatment required. The purpose of this investigation has been to 
study methods of chemical treatment which might be used for the 
prevention of the various types of scale which form in steam boilers. 

Since the chemical treatment of boiler water may be readily 
classified under two distinct headings, inorganic and organic, it was 
thought advisable to divide this study into two parts. Therefore, the 
results of this work will be discussed under the two main headings, 
Inorganic and Organic. 


2. Sponsor of Investigation—The material embodied in this bul- 
letin results from a research sponsored at the University during the 
period between April 1933 and April 1935 by the National Aluminate 
Corporation. 


3. Acknowledgments.—The investigation was conducted as part of 
the work of the Engineering Experiment Station of the University of 
Illinois, of which Dean M. L. Encer is the Director, and is one of the 
researches in Chemical Engineering conducted under the direction of 
Dr. D. B. Keyes, Professor of Chemical Engineering. 

Part of the work dealing with the removal of silica from solution 
and the solubility of silicates was done by Mr. J. W. NELSON as a 
thesis requirement for his B.S. and M.S. degrees in Chemical Engi- 
neering. 

Part of the work dealing with the formation of solid silicates was 
done by Mr. A. O. Buarrer as a thesis requirement for his MS. 
degree in Chemical Engineering. 

Part of the work covering the laboratory tests of organic treat- 
ment was done by Mr. R. V. Green as a thesis requirement for his 
B.S. degree in Chemical Engineering. 

The work covering the composition of the organic materials and 
the preparation of the organic materials tested was done by Mr. J. M. 


Cross. 
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The author wishes to express his appreciation of the excellent man- 
ner in which these men, and others who have been employed in 
doing the more routine work, have assisted him throughout this 
investigation. 


II. INoRGANIC STUDIES 


4. Method of Investigation of Effect of Inorganic Salts—The 
purpose of this investigation has been to study methods of inorganic 
water treatment which might be used for the prevention of the various 
types of scale which form in steam boilers. The compositions of the 
different waters which are utilized for steam generation vary to such 
an extent that many different types. of scale are encountered. In 
order to study the prevention of these scales, it was thought advisable 
to divide this portion of the investigation into a study of the different 
scales; a study has therefore been made of the application of in- 
organic treatment to the prevention of silicate and sulphate scale. 

Since scale results from a combination of the several ions involved 
to produce a solid which forms on, or adheres to, the heating surfaces 
of the boiler, it appears logical to study the prevention of scale by 
determining the solubility of the scale-forming materials in solutions, 
and under conditions similar to those encountered in actual practice. 
With these data available, it is possible to predict which solid will 
form in the boiler, and to treat the boiler water so as to cause a non- 
scale-forming solid to form in preference to a scale-forming one. With 
this information available, tests could be run in small test boilers to 
determine the workability of any theories developed. Since test bombs 
for the determination of solubility, as well as a small scale testing 
boiler, were available,* it was decided to use these for the tests 
involved. 

This portion of the investigation has been divided into two parts: 
first, a study of the prevention of silicate scale; and second, a study 
of the prevention of sulphate scale. The results obtained will be 
reported under these two headings. 


5. Prevention of Silicate Scale—Since the silica scale which forms 
on the heating surfaces of a steam boiler comes from silica present in 
the boiler water, it appears that a logical method of preventing the 
scale would be either removing the silica from solution or keeping it 
in a form which is soluble and which will not precipitate in the 


*See Bulletin 261, Engineering Experiment Station, University of Illinois. 
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boiler. In the present investigation this phase of the problem has been 
studied under the following divisions: 

(A) Removal of silica from Solution at Boiler Temperatures 

(B) Formation of Solid Silicates 

(C) Solubility Studies of Silicates 


(A) Removal of Silica From Solution at Boiler Temperatures 

The tests which have been conducted in order to study the removal 
of silica from solution at boiler temperatures have been run in the 
steel bombs described in Bulletin No. 261.* The desired solutions and 
solids were added to the large bomb and held under pressure at the 
desired temperature until equilibrium had been reached, and then 
sampled by passing the solution through a filter into the smaller bomb. 
After the sampling, the bombs were removed from the constant 
temperature furnaces, and, when cooled, the solution was drawn from 
the smaller bomb and analyzed. 

The solutions containing the soluble silicate were made by adding 
definite amounts of a standard sodium silicate solution, along with 
the other desired chemicals, to the solution in the lower bomb. The 
standard sodium silicate solution was prepared by diluting sodium 
silicate (specific gravity 1.41) with boiled distilled water. The com- 
position of the solutions at the beginning of the tests was. determined 
by analysis. The alkalinity was determined by titration, the sulphate 
by precipitation as barium sulphate, the silica by either the colori- 
metric method or by precipitation and weighing as SiO., and the 
aluminate by precipitation and weighing as Al.O;. 

The tests conducted, and the numbers of the tables giving the 
results of these tests, are as follows: 


Table Solid 
No. Added Solution Added 
i INIGHOS. 5 6Sodus anepce cote aoe noe eee Sodium silicate, hydroxide 
DSI @VEDS 5 Acca 6 edb een IRL a Pe Sodium silicate, aluminate, 
hydroxide 
Bee Calenmoa sulphate sete sees. foes keels 0-0 Sodium silicate, hydroxide 


AMEC@ALCUTO CATDOMALC Hime yf a- ci elas ee: Sodium silicate, hydroxide 


Sodium silicate, aluminate, 


jee @aleciumucarbOnate.s-..+-22¢2.::0+--.0- 
hydroxide 

Gun@alcimm| carbonate syarc a asec i. -ciee Sodium silicate, fluoride, hydroxide 

Veen C@aleiim CarpOnate..cc.. ose. dee seco Sodium silicate, cryolite, hydroxide 

Seal Cuma HMOridena. ses iie se syncs see Sodium silicate, hydroxide 

9 ‘Tri-calcium phosphate...... Aspe eee Sodium silicate, hydroxide 


*“The Cause and Prevention of Calcium Sulphate Scale in Steam Boilers,’ Univ. of IIl. 


Eng. Exp. Sta. Bul. 261, 1933. See also Jour. Am. Chem. Soc. 24-914, 1932. 
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Table Solid 
No. Added Solution Added — 

10* Tri-calctum phosphate. -.2i...-..-...- Sodium silicate, aluminate, 
hydroxide 

11 ‘Tri-calcium phosphate................. Sodium silicate, fluoride, hydroxide 

12) ‘Tri-calcium phosphate... 1... 2... 222s -er Sodium silicate, eryolite, hydroxide 

13. Maenesium oxideseasne ss aneee eee Sodium silicate, hydroxide 

TAS Mae inesitm Oxide egress rater tei Sodium silicate, hydroxide, sulphate 

tS) s Maem esimm Oxide yar.apsctcieetsl ier sotetalete ero Sodium silicate, hydroxide, 
sulphate, chloride 

Ge Magnesium Oxi Oita sie one ocale Sodium silicate, aluminate, 
hydroxide 

ie Mevacor Ohne a5 ide dec Ho oe cote c Sodium silicate, aluminate, 
hydroxide, sulphate 

1SiMiagmestum Oxide. nen eee eee eee Sodium silicate, aluminate, 
hydroxide, sulphate and chloride 

19 eMaconesiumoxideian ose. oie caieeias a Sodium silicate, fluoride, hydroxide 

20m Maonesiumn Oxicdeer aetna aa ete Sodium silicate, cryolite, hydroxide 

21 “Magnesium carbonate.5.. a.<..--.--- Sodium silicate, hydroxide 

22 Magnesium oxide, calcium sulphate. ..... Sodium silicate, cryolite, hydroxide 

23 Magnesium oxide, calcium carbonate... . . Sodium silicate, hydroxide 


24 Magnesium oxide, tri-calcium phosphate. .Sodium silicate, hydroxide 
25 Magnesium oxide, tri-caleitum phosphate. .Sodium silicate, aluminate, 
hydroxide 
Tables 1 and 2 give the results of tests conducted in order to see 
if the sodium silicate was soluble in the presence of sodium hydroxide 
at boiler temperatures, in the absence of any solid. Thus the results 
presented in Table 1 show that when about 3.5 millimoles per liter of 
SiO, (about 200 parts per million SiO.) was in solution at the be- 


ginning of the tests, there was no marked change in concentration. 


due to the temperature. In Table 2 the results of the introduction of 
sodium aluminate, along with the silicate and sodium hydroxide, are 
given. The silica and the aluminate both remained in solution at the 
higher temperatures. 

(a) Effect of Calcium Sulphate in Excess—Solutions containing 
sodium silicate and sodium hydroxide were added to an excess of solid 
calcium sulphate. The results of these tests are given in Table 3. 
These results show that, when there is sodium hydroxide present, the 
silica is removed from solution by the calcium sulphate, so that the 
resulting silica content is below 0.20 millimole per liter. In the 
absence of the hydroxide, the silica in solution increases. 

(b) Effect of Calcium Carbonate in Excess—The presence of 
calcium carbonate in contact with a solution containing sodium 
silicate and sodium hydroxide had no effect on the silica content in the 
solution (Table 4). When sodium aluminate was introduced along 


Ase 


ma 


PREVENTION OF SCALE IN STEAM BOILERS 13 


TABLE 1 


HypRoxIDE AND Sinica ConrTEentT or SoLuTIons ConTAINING Soprum SimmicaTE AND 
Hyproxipe Hearep wits No Soum Present 


At End of Test 


Added SiOz 


Test No. Temperature ; 
3 deg. F. OH SiOz 


millimoles per liter 


sehen ote nS ASCE Lae 470 13.8 2.5 3.7 
So 3.0 37. 

28.7 1.9 Ber 

48.8 Carl ie 

48.0 2.5 Bm 

SAO MRCS A Seciralscacitraie wie 470 15.8 3.5 BG 
, 16.2 4.2 33 

33.3 5.0 Bho 

ars 4.3 S08 

53.4 4.8 3.3 

52.1 4.4 3.3 

TABLE 2 


Hyproxipe, Sizica, AND ALUMINA CoNTENT oF SOLUTIONS CONTAINING SODIUM 
SILicaTE, ALUMINATE, AND HyproxipE Heatep wits No So.uip Present 


At End of Test Added 
Test No. ae OH SiO» AlOs SiOz AlOs 
millimoles per liter 

A Sree are we 470 16.4 2.4 0.41 4.3 0.50 
16.7 3.1 0.42 4.3 0.50 

31.9 3.2 0.46 4.3 1.00 

31.0 3.2 0.75 4.3 1,00 

51.3 3.3 1.44 4.3 1.50 

49.3 3.4 1.32 4.3 1.50 


with the silicate (Table 5), the calcium carbonate had no effect on the 
silicate or aluminate content. When solutions containing silicate 
hydroxide and fluoride were heated in contact with calcium carbonate 
there was no appreciable change in the silica content of the solution 
(Table 6). 

The introduction of cryolite, along with the sodium silicate and 
sodium hydroxide, when in contact with calcium carbonate, had no 
marked effect on the silica content of the solution (Table 7). 

(c) Effect of Calcium Fluoride in Excess —Table 8 gives the re- 
sults of tests run to study the effect of calcium fluoride as a solid, 
when in contact with solutions containing sodium silicate and sodium 
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TABLE 3 


Hyproxipp, Sinica, AND SULPHATE Content oF SOLUTIONS CONTAINING SopIuM 
StnicaTe AND Hyproxipe Heatep IN CONTACT WITH 
Sotm Cauctum SULPHATE IN Excess 


At End of Test 
Added 
SiO2 
Test No. Temperature OH SiO2 SO; 
deg. F. 
millimoles per liter 
ase nae a nodomord 360 0 0.31 3.50 4.6 
0 0.25 3.53 4.6 
0 0.79 4.92 4.6 
0 0.56 4.28 4.6 
plea 0.18 6.56 4.6 
pe 0.15 5.73 4.6 
DVO stercraisiemaiielerekehals 360 5.4 0.10 7.62 3.0 
12.5 0.09 9.12 3.0 
24.5 0.09 ie 11.55 3.0 
502 405 0 0.48 2.78 4.1 
0 0.75 2.64 4.1 
0.5 0.11 6.00 4.1 
0.6 0.20 5.55 4.1 
HAE Papamoa ae 405 5.3 0.12 7.05 3.7 
12.3 0.13 8.23 = aed 
22.6 0.10 11.20 3.7 
hake AO Gun Ode 470 0 0.25 2.2 4.1 
0 0.45 3.9 4.1 
3.4 0.19 7.2 4.1 
3.4 0.18 6.0 4.1 
Lear Sy rien Capa 470 5.1 0.10 6.98 3.6 
13.2 0.09 8.55 3.6 
24.8 0.08 11.78 3.6 
23.9 0.08 12.20 3.6 
50S A566 OAS OOO 540 0 0.17 1.32 4.0 
0 0.54 2.23 4.0 
0 0.64 3.92 4.0 
0.8 0.09 4.27 4.0 
1.0 0.08 8.10 4.0 
508.. 540 4.7 Ogi 6.60 3.8 
13.1 0.07 8.90 3.8 
23.4 0.09 11.75 3.8 
22.4 0.08 12.20 3.8 


hydroxide. These results show that the silica content was not reduced 
to any marked extent. 

(d) Effect of Tri-calcitum Phosphate in Excess—When solutions 
containing sodium silicate and sodium hydroxide were heated in con- 
tact with solid tri-calcium phosphate, the silica content of the solution 
was not reduced (Table 9). 

The addition of ‘sodium aluminate to the silicate and hydroxide 
solutions in contact with tri-calcium phosphate had no effect on 


the removal of the silicate, and the aluminate remained in solution 
(Table 10). 
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TABLE 4 


peess AND Smuica ConTent or Sotutions ConraIninc Soprum SILICATE AND 
YDROXIDE HEATED In Contact witH Soui Catcrum CARBONATE IN Excess 
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At End of Test 
rT. Added SiOz 
Test No. emperature 5 
deg. F. OB SiOz 
millimoles per liter 
f. 
Oracle, teat area Panes occurs sv 360 4.6 3.9 4.7 
3.7 4.4 4.7 
7.0 4.8 4.7 
9.0 4.2 4.7 
15.1 4.1 4.7 
15.3 3.8 4,7 
UD GOES eee 405 4.8 St 4.7 
3.8 3.9 4.7 
8.9 3.4 4.7 
9.4 4.0 YG 
15.6 3.6 4.7 
14.5 3.0 4.7 
NPA dime rer aheta c eeaserahe(s sree issdv 10 2 470 3.3 2.4 3.5 
2.8 2.6 3.5 
Wee 29) 3.5 
8.7 ONT 3.5 
13.5 3.0 3.5 
13.0 2.4 3.5 
WMUcrarer Ned ere ere oe a oS, se ees 540 0.9 2.7 3.5 
1.6 2n3 3.5 
5.6 4.8 3.5 
6.7 4.7 3.5 
10.5 Bak 3.5 
10.6 3.5 3.5 
TABLE 5 
Hyproxipr, Simmica, AND ALUMINA CoNnTENT oF SoLuTIONS CoNnTAINING SopIUM 
SinrcaTE AND ALUMINATE HEATED IN CONTACT WITH SOLID 
CaLcIuM CARBONATE IN EXCESS 
At End of Test Added 
Test No, | Temperature OH SiOz Als SiOz Al0s 
deg. F. 
millimoles per liter 
HOS ctaroeeys, taveete 360 16.5 4.6 0.50 3.0 0.25 
16.7 4.0 0.62 3.0 0.25 
21.8 2.4 0.55 3.0 0.50 
26.0 3.1 0.70 3.0 0.50 
47.7 Sal 0.90 3.0 0.75 
49.0 3.4 0.95 3.0 0.75 


The presence of either sodium fluoride or eryolite, along with 
sodium silicate and sodium hydroxide, when in contact with tri- 
calcium phosphate, had no marked effect on the silica content of the 


solution (Tables 11 and 12). 
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; TABLE 6 
Hyproxipe AND Sinica Content or SoLutTions ConTAINING SopiuM SILICATE, © 
HyproxipE, AND Fiuorme Hnatep In ContTAcT WITH 
Sotip CatcruM CARBONATE IN EXcEss 


At End of Test Added 
Test No. Temperature OH SiOz SiOz F 
deg. F. 
millimoles per liter 
ED Detecetan eae coy aieieirane 470 Sie 2.4 3.6 8.9 
13.0 1.9 3.6 8.9 
23.7 3.3 3.6 8.9 
23.5 2.4 3.6 8.9 
39.6 2.4 3.6 8.9 
40.1 2.2 3.6 8.9 
TABLE 7 


HypRoxIDE, Sinica, ALUMINA, AND FLUORIDE CONTENT OF SOLUTIONS CONTAINING 
Soprum SILIcATE AND HypROXIDE AND CRYOLITE HEATED IN CONTACT 
WITH Sotip CaLctuM CARBONATE IN EXCESS 


At End of Test Added 
Tempera- 
Test No. ture OH SiOz AlsO3 F SiOz F 
deg. F. 
millimoles per liter 
Tastee fat whore. sia aie 360 5.4 2.5 0.46 5.0 3.8 
6.0 2.9 0.38 4.2 3.8 8.0 
jie be} 3.0 0.45 8.5 3.8 16.1 
14.1 1.9 2 9.8 3.8 2451 
15.4 3.8 1.23 10.7 3.8 24.1 


TABLE 8 


HypROXIDE AND Sinica ConTEeNT or SoLtutTions ConTAINING Soprum SILicaTEe 
Heated in Contact wits Soutip Catctum FLuorRmE in Excess 


At End of Test 


Test No. Te OH SiO» 


millimoles per liter 


6 2.8 3.6 
15.3 2.9 3.6 
21.5 2.4 3.6 
23.3 al, 3.6 
40.6 2.8 3.6 
40.0 2.9 3.6 
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TABLE 9 
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Hyproxipg, Sitica, anp PHospHaTe ConTENT or Sotutions ConTAaIninc Soprum 
Sruicate anD Hyproxipe HeatTep in Contact wit 
Soutip Tri-catcium PuHospHatTe In Excess 


ee EEE 


At End of Test 


Baoed 
4 1O2 
Test No. pours OH | SiOz | PO: 
- millimoles per liter 
DU eietes 6) s10on's ls 360 2.2 2.7 0.18 3.5 
5 3.9 0.23 3.5 
11.0 3.6 0.22 3.5 
19.2 3.5 Sere 3.5 
OY. Ss 360 14.9 4.3 0.16 3.9 
Boat 3.6 0.14 3.9 
21.9 BY; 0.14 3.9 
44.8 4.1 0.18 3.9 
40.0 3.9 0.13 3.9 
SUE 28 Se rene 405 Ne. 3.4 Urals 3.6 
Der 3.6 0.18 3.6 
Wak 3.5 0.21 3.6 
6.8 3.8 0.21 3.6 
11.3 3.9 0.19 3.6 
11.0 3.8 0.21 3.6 
SS be ee eee 470 2.5 3.5 0.18 3.6 
6.6 3.7 0.17 3.6 
TI Sur 0.18 3.6 
I 28S} 3.6 0.15 3.6 
RE Ne te kit eielais 470 15.1 5.3 0.14 3.5 
13.5 4.4 0.17 3.5 
25.7 4.4 0.18 3.5 
23.9 4.6 0.16 3.5 
41,2 4.5 0.17 3.5 
40.4 BF 0.17 3.5 
TABLE 10 


Hyproxipg, Sizica, ALUMINA, AND PHospHATE ConTENT oF SoLuTIONsS Con- 
TAINING SopiuM SiticaTE, HypRoxIpE, AND ALUMINATE HATED IN 
Contact wit Sour Tri-catciumM PHospHATE IN EXxcEss 


At End of Test Added 
Tempera- . 
Test No. ture OH SiO2 Al,O3 POs SiOz AlzOz 
deg. F. 
millimoles per liter 

Se ss onic 14.5 Qt 0.58 0.20 3.3 0.50 
pe oe 14.7 2.8 0.54 0.30 3.3 0.50 
32.0 2.9 0.76 0.25 3.3 1.00 

49.4 3.2 1.08 0.24 3.3 1.50 
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TABLE 11 
Hyproxipe, Smica, AND PHospHATE ConTENT oF SOLUTIONS CONTAINING SODIUM 
Sinicatr, Fivormer, AND Hyproxip— HwaTEp IN CONTACT WITH 
Soutip Tri-caLtciumM PHOSPHATE IN Excess 


At End of Test Added 
Test No, | Temperature OH SiOz PO. SiO2 F 
deg. F. 
millimoles per liter 
2G staloratestsusrs > 360 18.2 4.1 0.01 3.6 8.9 
18:5 328 0.01 3.6 8.9 
28.8 3.4 0.01 3.6 8.9 
29.8 4.2 0.01 3.6 8.9 
46.3 7a 0.01 3.6 8.9 
45.5 3.7 .01 3.6 8.9 
TABLE 12 


Hyproxipg, Sruica, ALUMINA, FLUORIDE, AND PHOSPHATE CONTENT OF SOLUTIONS 
CoNnTAINING SODIUM SILICATE AND HypDROXIDE AND CRYOLITE HEATED IN 
Contact WITH SoLtip TRI-CALCIUM PHOSPHATE IN EXCESS 


At End of Test Added 


Tempera- | 
Test No. ture OH SiOs AlOsz 
deg. F. 


F | POs SiOs F 


millimoles per liter 


(ik Sango nce 360 


io 
OOoronhy 
NNwWORrNW 
NWONRNO 
DONNNWO 
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oooocoo 
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(e) Effect of Magnesium Oxide in Excess—Table 13 gives the 
results of tests conducted to study the influence of magnesium oxide in 
contact with solutions of sodium silicate and sodium hydroxide. The 
silica content was reduced to a figure below 0.10 millimole per liter 
(6 parts per million SiO.) in the majority of the tests. The silica 
remained at this low figure, with the hydroxide varying between 
1.0 and 40 millimoles per liter (40 and 1600 parts per million NaOH). 
These results indicate that magnesium oxide is very effective in _re- 
moving silica from solution. The introduction of sodium sulphate, 
along with the silicate and hydroxide, had no retarding influence on 
the ability of the magnesium oxide to remove the silica from solution 


(Table 14). When chloride was also introduced (Table 15), the 
silica content was still reduced to a low amount. 
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TABLE 13 


HYDROXIDE AND Simca ConTent or SoLurions CoNTAINING SopiuM SILICATE AND 
Hyproxipr Heatep in Contact wItH Sotip MAGNESIUM OXIDE In Excess 


At End of Test 


Added 
Test No. Temperature OH SiO. ies 
deg. F. pte 
: millimoles per liter 

We ape iene e ercielersiccyeus 360 cle 0.08 4.3 
PUT 0.08 4.3 

E22 0.08 4.3 

26.8 0.14 4.3 

28.4 0.15 4.3 

SO setae s (sealer 6-8r6: 0701.6 470 4.9 0.10 4.2 
11.1 0.07 4.2 

26.1 0.07 4.2 

25.8 0.05 4,2 

45.3 0.08 4.2 

43.9 0.07 4.2 

ER Alet efaieta sete «/ere viene's ats 540 2.3 0.08 4.3 
3.3 0.07 4.3 

12.4 0.11 4.3 

10.6 0.11 4.3 

28.1 0.30 4.3 

TABLE 14 


HypRoxIDE, SILICA, AND SULPHATE CONTENT OF SOLUTIONS CONTAINING SODIUM 
SILICATE, SULPHATE, AND HyproxipE H&aTep IN CONTACT WITH 
Sotiy MaGnesium OxIDE In Excess 


At End of Test Added 
Test No. | Temperature OH SiO2 SO. SiO2 SO. 
deg. F. 
millimoles per liter 

EDO etehsralr ec andtens 360 3.7 .10 1.4 4.2 1.3 
3.5 0.10 1.3 4.2 1.3 

2.2 0.07 3.4 4.2 3.3 

20 .08 6.5 4,2 6.7 


When sodium aluminate, sodium silicate and sodium hydroxide 
were present in the solution in contact with magnesium oxide (Table 
16), the silica was reduced to less than 0.05 millimole per liter (3 
parts per million SiO,), and the aluminate content was also reduced. 
The presence of aluminate in solution reduced the silica to a lower 
amount (see tests 551, 576, Table 16). 

The presence of the sulphate and chloride along with the aluminate 
had no retarding effect on the ability of the magnesium oxide to 
remove the silica from solution (Tables 17 and 18). 
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TABLE 15 


Hyproxipe, Smrica, SULPHATE, AND CHLORIDE ConTENT OF SOLUTIONS CONTAINING 
Soprum SiuicaTE, SuLPHATE, CHLORIDE, AND HyproxipE HeaTEep IN 
Conract with Sotiy MaGnesiuM OxipE IN Excess 


At End of Test Added 
Tempera- : 
Test No. ture OH SiOz SO. Cl SiOz SO. Cl 
deg. F. 
millimoles per liter 
A UN ee 360 3.4 0.05 L6 1.3 4.1 Li 0.8 
ow 0.06 1.4 1.3 4.1 pe} 0.8 
2.9 0.05 3.3 eS | 4.1 3.3 LF 
2.3 0.05 3.4 2.5 4.1 3.3 lea ¢ 
2:2 0.04 6.3 3.0 4.1 art 2.6 
3.8 0.04 6.6 3.0 4.1 6.7 2.6 


When either sodium fluoride or cryolite was present, the mag- 
nesium oxide still removed the silica content of sodium silicate and 
sodium hydroxide solutions (Tables 19 and 20). 

(f) Effect of Magnesium Carbonate in Excess—Table 21 gives 
the results of tests conducted with magnesium carbonate in contact 
with solutions containing sodium silicate and sodium hydroxide. The 
silica content was reduced to a very low amount (0.05 millimole per 
liter, or 3 parts per million SiO,). 

(¢) Effect of Magnesium Cxide and Calcium Sulphate in Excess.— 
Solutions containing sodium silicate, sodium aluminate, sodium fluor- 
ide, and sodium sulphate were tested in contact with both solid 
magnesium oxide and calcium sulphate (Table 22). The silica con- 
tent was still reduced to a very low amount. = 

(h) Effect of Magnesium Oxide and Calcium Carbonate in Excess. 
—The presence of caleium carbonate had no retarding effect on the 
action of magnesium oxide in removing silica from solution (Table 23). 

(i) Effect of Magnesium Oxide and Tri-calcium Phosphate in 
Excess.—The presence of tri-calecium phosphate had no retarding 
effect on the action of magnesium oxide in removing silica from solu- 
tion (Tables 24 and 25). 

(j) Conclusions—The summary of conclusions which may be 
drawn from the results of the solubility tests is as follows: 

(1) Calcium carbonate, calcium fluoride, and tri-caleium phos- 
phate, when present as solids, do not react to reduce the silica content 


of alkaline sodium silicate solutions containing about 200 parts per 
million of SiOz. 


> 
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TABLE 16 
Hyproxipg, Siuica, anp ALumINA ConTENnT or SoLuTIoNs Containing Sopium 


XIDE Hratep in ConvTact witH 


SoLtip Macnestum Oxipz in Excess 


SILICATE, ALUMINATE, AND Hypro 
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TABLE 17 

Hyproxipg, Sinica, ALUMINA, AND SULPHATE CONTENT OF SoLUTIONS CONTAINING 

Soprum SiricarE, ALUMINATE, SULPHATE, AND HyDROXIDE HEATED IN 
Conract wits Sorry MacnestuM OxIpE IN Excess 


At End of Test Added 
Tempera- : 
Test No. ture OH SiOz AlsOz SO SiOz AleOs SOs 
deg. F. 
millimoles per liter 

¥ 
HHO aemien on - 360 55.3 0.08 0.35 1.4 4.2 5 Ie % 

54.6 0.07 0.34 pe 4.2 1.37 12 

55.5 0.07 0.28 3.5 4.2 1.37 aye 
55.0 0.06 0.37 6.6 4.2 6.3 
‘ 
TABLE 18 : k 


Hyproxingr, Smica, ALumMina, SULPHATE, AND CHLORIDE CONTENT OF SOLUTIONS 
CoNTAINING SODIUM SILICATE, ALUMINATE, SULPHATE, CHLORIDE, AND HYDROXIDE . 
HeatEeD IN Contact witH Sotm MaGnestuM OxiDE In EXcEss 


At End of Test Added 
Tem- 

Test No. pasa OH SiOz AlsOs SO, Cl SiO2 | AloOs SO, cl 

deg. F. ‘ 
millimoles per liter 

OU nyareteiseie ss 360 52.5 0.07 0.35 1.5 1.3 4.2 1.62 1.3 1.0 

56.0 0.06 0.34 1.5 ok 4.2 1.62 1.3 1.0 

54.8 0.08 0.36 3.4 Bik 4.2 1.62 3.2 1.8 

55.3 0.07 0.35 3.3 2.2 4.2 1.62 3.2 Le 

56.0 0.07 0.18 6.9 3.0 4.2 1.62 6.5 2.8 

56.2 0.27 6.6 3.0 4.2 1,62 6.5 2.8 

= 
TABLE 19 


HyproxiIpb, SILICA, AND FLUORIDE CONTENT OF SOLUTIONS CONTAINING SopIUM 
Stuicate, FLuormE, AND Hyproxipe Hearep in Conract wITH 
Sotiy Macnestum OxipE In Excess 


At End of Test Added f 
Test No. Seer OH | SiO2 | F SiOz F 
millimoles per liter 
BY a hes Cucte rc Rema 470 18.1 0.22 21,6 4.4 U7: 
18.2 0.16 19.4 4.4 17.8 
33.6 0.20 17.4 4.4 17.8 
19.2 0.16 19.0 4.4 17.8 
46.6 0.20 22.6 4.4 i Wile 
50.0 0.32 18.6 4.4 LT. 


a 
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TABLE 20 


Hyproxipg, Strica, ALUMINA, AND FLuoRIDE ConTEeNT or SoLuTIONS CoNnTAINING 
Soprum SimicaTtE and Hyproxmpe anp Cryouite HEATED IN 
Contact wit Souip Magnestum Ox1pE in Excess 


At End of Test Added. 
Tempera- 
Test No. ture OH SiOz AlO3 F SiOz F 
deg. F. 
| millimoles per liter 
DO Di Sese s wceis «:/Sre 8 360 4.7 0.05 0.20 3.7 PAS 8.0 
5.2 0.06 0.21 3.6 2.5 8.0 
10.8 0.05 0.22 ih ierg 2.5 16.1 
10.5 0.09 0.21 10.5 2.5 V6.2 
16.2 0.07 0.27 ciel 2.5 24.1 
16.1 0.06 0.45 reel 2.5 24.1 
UY (SS eee ee 470 5.6 0.04 0.30 8.9 Ae Thetis 
5.6 0.03 0.24 9.0 4.1 7.5 
EVs 0.06 0.21 a IPA, 4.1 15.0 
EGS 0.07 0.43 19.4 4.1 22.5 
ae. 0.06 0.43 19.6 4.1 22.5 
SPMD cna sehen acd fefblie>e 540 4.5 0.04 0.20 3.7 4.1 Won 
4.5 0.06 O.Tt 4.1 4.1 vies | 
9.9 0.07 0.27 8.1 4.1 14.2 
5 rear 0.07 0.25 8.2 4.1 21.3 
T6 0.08 0.28 9.0 4.1 21.3 


TABLE 21 
HypROXIDE, SILICA, AND MAGNESIUM CONTENT OF SOLUTIONS CONTAINING SODIUM 
SinicaTE AND HyproxipE HEATED IN CONTACT WITH 
Sotip MaGnestum CARBONATE IN Excess 


At End of Test 

Added 
SiOz 

Test No. Temperature OH SiOz Mg 

deg. F. 

millimoles per liter 
Pamiatsheie seaieniees 540 0 0.04 0.3 4.3 
ee 0 0.04 0.21 4.3 
0 0.05 0.60 4.3 
0 0.04 0.32 4.3 
9.7 0.08 0.1 4.3 


(2) Calcium sulphate, when present as a solid, reacts with alkaline 
sodium silicate solutions to reduce the silica content to 0.20 millimole 
per liter (12 parts per million SiO,). 

(3) Both magnesium oxide and magnesium carbonate, when present 
in excess, react with alkaline sodium silicate solutions to reduce the 
silica content to 0.10 millimole per liter (6 parts per million Si0.), 
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TABLE 22 
Hyproxipg, Smica, ALumina, FuuormpE, AND SuLtpHAaTE ConTENT or SOLUTIONS 
ContTainine Soprum Sinicatnh anp Hyproxipp AND Cryoxire Heatep in Con- 
TACT WITH SoLtiy Maanestum Oxipe AND CauLcium SuLPHATE IN Excurss 


At End of Test Added 
Tempera- q j 
Test No. ture OH SiOz AleOz3 F SOs SiOz F 
deg. F. 
millimoles per liter 
OOD iro 360 3.2 0.02 0.25 1.3 5.8 3.3 8.0 
0.8 0.03 0.19 1.3 5.6 3.3 8.0 
2.8 0.02 0.16 1.3 10.5 3.3 16.1 
3.0 0.01 0.22 a Ie 10.4 3. 16.1 
7.4 0.02 0.24 1.4 13.3 3.3 24.1 
8.2 0.02 0.22 1.5 13.1 3.3 24.1 
BOG we jsurcisscne's 360 0.4 0.02 0.20 1.3 | 5.0 3.3 8.0 
1.3 0.03 0.16 1,2: 5.5 3.3 8.0 
Dad 0.02 0.16 L5 10.1 3.3 16.1 
tical 0.01 0.24 Mase | 13.7 3.3 24.1 
| 
DOGS 26) levsierare 470 pei 0.04 0.07 1.8 | 5.0 3.9 8.0 
1.3 0.05 0.20 i Ua 4.9 3.9 8.0 
4.0 0.05 0.19 2.4 9.2 3.9 toa | 
0.2 0.08 0.43 0 4.1 3.9 LG5k 
7.5 0.04 0.32 2.4 13.2 3.9 24.1 
6.4 0.07 0.31 2.6 13.2 3.9 24.1 
Hr OA. Seine e 540 1.4 0.06 0.60 2.6 4.6 4.3 6.3 
2.0 0.03 0.09 3.0 4.6 4.3 6.3 
3.9 0.07 0.19 3.0 8.5 4.3 12.5 
4.0 0.07 0.26 2.9 8.6 4.3 12.5 
7.4 0.07 0.35 3.0 12.4 4.3 18.8 
Siw 0.07 0.24 3.2 12.3 4.3 18.8 
TABLE 23 


Hyproxipk Anp Sinica Convent or SoLutions ConTarnine Soprum SmicaTE AND 
Hyproxmr Heatep In Contact with Sotip Maanestum Oxipr 
AND CatctuM CARBONATE IN Excess 


At End of Test 
od 
: iO2 
Test No. pore oo OH SiO2 
millimoles per liter 
4 

se eoiliametetteepeteve oie sivlss,.é< 470 4.4 0.05 3.8 
12.5 0.06 3.8 

27.6 0.09 3.8 

43.5 0.13 3.8 


when the sodium hydroxide content is between 40 and 1600 parts per 
million. 

(4) If sodium aluminate is present in amounts greater than 0.20 
millimole per liter, and the sodium hydroxide content is between 40 
and 2000 parts per million, magnesium oxide will reduce the silica 


~ 
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TABLE 24 


HYDROXIDE AND Sinica Content or SoLuTIONS ConTAINING Sopium SILICATE AND 
Hyproxme Heatep i Contact wits Sonip MAGNEstuM OxIpE 
AND TRI-cALCIUM PHOSPHATE IN ExcEss 


At End of Test 
Added 
Test No. Temperature OH SiO ae 
deg. F. 2 
millimoles per liter 

Ses Dansehe oes o ale She crave 470 8.3 0.12 3.8 
10.5 0.13 3.8 

24.5 0.13 3.8 

26.3 0.12 3.8 

36.2 0.16 3.8 

TABLE 25 


Hyproxipek, Srtica, ALUMINA, AND PHosPHATE CONTENT oF SOLUTIONS CoNnrTAIN- 
ING Soprum SiticatE, ALUMINATE, AND Hyproxipe Hratep in Contact 
witH Sotip MaGnestuM OxIDE AND TRI-cALCIUM PHOSPHATE IN EXxcEss 


At End of Test Added 
Tempera- ; ; 
Test No. ture OH | SiOz AloO3 PO; SiOz AleO3 
deg. F. 
millimoles per liter 

NGC nev ates casa Valens 540 14.3 0.07 0.24 0.01 4.3 0.50 
14.1 0.07 0.18 0.01 4.3 0.50 

33.0 0.10 0.47 0.02 4.3 1.00 

20.0 0.10 0.27 0.02 4.3 1.00 

49.4 0.12 0.75 0.01 4.3 1.50 

48.5 Lis fh 0.49 0.02 4.3 1.50 


content of alkaline sodium silicate solutions to 0.05 millimole per 
liter (3 parts per million Si0,). 


(B) Formation of Solid Silicates 

In attempting to prevent silica scale, it is essential to have avail- 
able data relative to the type of silica compounds which form in a 
boiler. Very little data of this nature are available, and, therefore, a 
study has been made to determine what these compounds might be. 

The procedure followed in forming the desired solids was to mix 
the necessary amounts of the various chemicals together in water, 
place in the larger bomb (used in the solubility tests), and heat to 
the desired temperature. The sampling tube and filter inside the 
bomb were left out, and a fine copper gauze put inside of the top. 
At the end of the heating, the bombs were removed from the furnace, 


26 ILLINOIS ENGINEERING EXPERIMENT STATION 


TABLE 26 
Composition or ANALCITE, NATURAL AND SYNTHETIC 
Synthetic Analcite 
Natural 
Analcite Sample Sample 
No. 12 No. 23 
Bids, Per Cents vic vets s coos nares 54.4 52.7 54.2 
AlsOa, DOF CONWcs.s.00.0 aces ae ears 23.3 24.5 24.6 
NagO (difference), per cent........ 14.1 14.4 13.1 
aOs ar Genin eiicr sl wn nw eas 8.2 8.2 8.1 


inverted, and the sampling valve opened, thus allowing the liquid to 
be forced out and leave the solid behind in the bomb. When the 
bombs were cool, the solid was removed, washed with a little water, 
and dried, 

(a) Analeite, Na,OAl,O, 48i0, 2H.O—Since analcite has been 
found in boiler scales and has been synthesized, it was thought 
profitable to duplicate such a test. A solution of sodium silicate was 
used in which 70 ce. contained 10.8 grams of silica and 8 grams of 
93.5-per cent solid sodium aluminate (equivalent to 4.6 grams of 
Al,Os). Mixtures of like composition were placed in six bombs. Water 
was added to the bombs containing sample numbers 7 and 8, so that 
the total volume was 110 ce.; the total volume of samples 9 and 10 
was 180 ce.; the bombs containing samples 11 and 12 had a total 
volume of 330 ec. After heating the sealed bombs for 46 hours, they 
were sampled in the manner described. 

It was found that samples 11 and 12 were of rather high purity 
and were much larger in size than the other samples. Petrographic 
examination® showed that the crystals were analcite in uniform 
rounded grains about 0.1 mm. in diameter. Chemical analysis (Table 
26) showed that the crystals had almost identical composition with 
natural analcite. : 

A photomicrograph of sample number 12 at 35 magnifications is 
shown in Figure 1. The crystals are very hard and, when in a group, 
can be separated by pressing with a flat surface. The crystals them- 
selves are not easily broken. 

Figure 2 shows another photomicrograph (at 35 magnifications) 
of a later attempt (sample 23) to synthesize more analcite. The same 
conditions were used, except that the sodium aluminate was increased 
to 10 grams and 88 cc. of sodium silicate was used, with a total 


*Petrographic examinations were made by Dr. R 


; \ KE. Grim, Petrographer inois § 
Geological Survey, Urbana, Illinois. : Breen ets Alnor ere 
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Fig. 1. PHoToMICcROGRAPH OF Fig. 2. PHOTOMICROGRAPH OF 
ANALCITE (SAMPLE 12) ANALCITH (SAMPLE 23) 
35 x oo X 


volume of 400 cc. The general crystalline form is the same as that 
of sample 12, and the analysis, as given in Table 26, showed the 
similarity to the natural analcite. Petrographic examination showed 
that the crystals were rounded grains of analcite, having a diameter 
of 0.02 mm. or less, with a few particles about 1 micron in diameter 
which were nonecrystalline and too small for positive identification. 

This sample was used later for a solubility study at various tem- 
peratures. 

(b) Magnesium Alumino Silicates in Presence of Sodium Hy- 
droxide—A series of tests was run to make the following compounds: 
MgO AI,0; SiO., MgO Al.O; 2Si0O., MgO Al,O; 38102, and MgO 
Al.O; 4810, (samples numbered 13, 15, 26, and 18 respectively). 
These were made from magnesium oxide, sodium aluminate, and 
sodium silicate solutions. The proper amounts of each of the constitu- 
ents were used to give a theoretical yield of 10 grams. 

The solid magnesium oxide and sodium aluminate were stirred 
into a volume of water in the bomb, and the sodium silicate was 
added with constant stirring. The total volume of the mixture was 
approximately 350 cc. After heating for two days at 540 deg. F., the 
bombs were sampled and the solid analyzed. The results of the 
chemical analysis are given in Table 27. 
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TABLE 27 


Composition or Souips FormMep rromM MaGnestuM Oxipge, Sopium ALUMINATE, 
AND Soprum SmicatTe av 540 pec. F. 


Sample 13 Sample 15 Sample 26 Sample 18 


MgO; per Cents. a cis cae eicteles a nately alo 8.59 8.32 6.58 7.4 
AlO3; percents. c.clsc dine.» ecko st aeiatete oe 40.8 31.4 28.8 23.4 
SiOg, per cenbs, evs vs. ereivce Wayeaie.) apenas 31.7 40.6 46.6 52.0 
EsOs DET COMES ayaa tetse comet cris Matsa ails nists 13.25 8.0 8.84 8.97 
Not determined, per cent............- 5.7 LUT 9.2 8.3 


From the results given in Table 27, the formula for sample 13 
seems to be MgO 1.9A1,0, 2.58i0, 3.5H.O, and not MgO Al,0; SiOz, 
as anticipated from the ratios of the constituents placed in the bomb. 
Figure 3, a photomicrograph at a magnification of 35, shows no 
crystalline form, and apparently no reaction had taken place between 
the constituents of the mixture. 

Petrographic examination of this sample showed it to be “non- 
crystalline (glassy) particles ranging in size up to 0.03 mm. with an 
index of refraction ranging from 1.520 to 1.535. 

“Published data for magnesium aluminum silicate glasses are too 
meager to be of much value. Quoted indices for anhydrous compounds 
range from 1.520 to 1.560, depending on the silica content of the 
original melt. Indices of hydrous materials would be lower in general 
than those of the anhydrous. These data suggest that the range of 
indices in the glass in this sample is due to a non-uniform distribution 
of silica. Hydrous silica has a much lower index, which would seem 
to eliminate the possibility that this sample is composed of a mixture 
of uncombined hydrous oxides.”* 

Figure 4 shows the solid formed in an attempt to make MgO AI.O, 
2510. (sample 15) as described above. The chemical composition is 
given in Table 27, and the formula from this analysis seems to be 
MgO 1.5A1,0; 3.3810, 2.2H.O. The photomicrograph shows some 
glassy particles which were too small to be separated and analyzed. 
There were, nevertheless, no definite crystals formed in the reaction. 
Petrographic examination definitely showed these particles to be non- 
crystalline, having a diameter of about 1 micron and indices of 
refraction ranging from 1.535 to 1.555. The range of indices indicates 
non-uniform composition. 

Sample 26 was the product formed in an attempt to make MgO 
Al,O; 3810. The composition of this sample is shown in Table 27. 


*Footnote, page 26. 
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Fic. 3. PHOTOMICROGRAPH OF Fic. 4. PHOTOMICROGRAPH OF 
SAMPLE 13 SAMPLE 15 
Ebi Bi) ps 


Fig. 5. PHOTOMICROGRAPH OF Fic. 6. PHOTOMICROGRAPH OF 
SAMPLE 26 SAMPLE 18 
Bik} Bs 


35 x 
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The formula for this solid, according to this analysis, would be MgO 1 
2.8A1,0, 4.758i0, 3.2H,O. A study of Fig. 5 shows some small grains 
that may be crystalline, but are hard to identify merely by inspection. 
A petrographic study showed that these were small grains of analcite. 
which had a diameter no larger than 0.06 mm., and irregular glossy 
particles with indices different from that of analcite (1.488 to 1.550). 
This may indicate that crystallization was just beginning to take 
place. 

Amounts of magnesium oxide, sodium aluminate, and sodium 
silicate were mixed in proper ratio to form the MgO Al,O; 48i02 
(sample 18). Figure 6 is a photomicrograph of the solid formed, and 
from the analysis (given in Table 27) it seems to have the following 
formula: MgO 1.25A1,0,; 4.72Si0, 2.7H.O. 

It is very improbable that a compound would have such a molar 
relation between the constituents. Yet, from the photomicrograph 
of this solid, definite crystals can be seen which were impossible to 
identify by chemical analysis. Petrographic analysis made upon this 
sample showed that the crystals were “composed mainly of analcite 
in rounded grains, reaching 0.02 mm. in diameter. They also con- 
tained a few irregular glassy grains each 0.02 mm. in diameter, with 
an index varying in different grains from that of analcite (1.488 to 
1.530) .””* 

The two tests (samples 26 and 18) last discussed indicate that 
analcite is formed in preference to a magnesium alumino silicate in 
the presence of sodium salts when the ratio of silica to alumina 
approaches four. 

The solids formed in this set of tests were flocculent, and they~ 
settled in the container very rapidly after being shaken. This is a 
desirable feature for sludges that are formed in boilers. 

(c) Magnesium Silicates in Presence of Sodium Hydroxide—Two 
tests were run in an attempt to make a magnesium silicate in the 
presence of sodium hydroxide. Proper amounts of magnesium oxide 
and of sodium silicate solution were mixed in the bomb so as to give a 
yield of 20 grams of solid. Enough water was added to make the 
total volume about 350 ee. 

Sample 27 was the result of an attempt to synthesize MgO SiO, 
at 540 deg. F. From the results of the chemical analysis given in 
Table 28, the compound actually formed should have the formula 
MgO 1.2810, 0.58H,0. When this solid was placed in water the 
solution was somewhat gelatinous, and did not settle as fast as one of 


*Footnote, page 26. 
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Fic. 7. PHOTOMICROGRAPH OF Fic. 8. PHOTOMICROGRAPH OF 
SAMPLE 27 SAMPLE 29 
35 xX 3onx 


the magnesium alumino silicates. After being dried, the solid was very 
hard and brittle. 

Figure 7 shows this sample at 35 magnifications. No crystals had 
formed in this mass, and it appeared to be a mixture of the constitu- 
ents added to the bomb. 

Petrographic examination indicated that the particles were “in 
the initial stage of crystallization, showing development of crystallites 
enclosed in glass. Index of these particles varied from 1.535 to 1.550, 
which indicates unequal distribution of components. The index of 
refraction of anhydrous MgOSiO, glass is 1.5767. Hydrous material 
would have a lower value. The sample also contained a few irregular 
particles, at times showing faint crystallization, with an index of 
refraction reaching as low as 1.500. These may be particles of uncom- 
bined oxides.” 

Sample 29 was the result of an attempt to prepare MgO 2Si0, at 
540 deg. F. The results given in Table 28 indicate the formula of this 
solid to be MgO 1.8Si0, 0.87H.O. This approaches the composition 
of the solid anticipated. In Fig. 8 the solid is shown at 35 magni- 
fications, and it appears much like sample 27. Petrographic examina- 
tion showed it to be similar to the sample previously discussed. 
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TABLE 28 


CoMPOSITION OF SILICATES FORMED 
FROM MAGNESIUM OXIDE AND 
SopiuM SILICATE AT 
540 prea. F. 


Sample 27 | Sample 29 


MgO, per centin..5.5 5. 2+- 33.1 24.1 
Sie, Der CONE. siec0 sce ss 58.1 64.7 
HO; per céhits tne sence. © 10.3 9.23 


TABLE 29 
CoMPOSITION OF SOLIDS FORMED FROM 
Stuicic Acip AND MAGNESIUM 
HypRoxIDE AT 540 pra. F. 


Sample 32 Sample 34 


MeO, perreent.<...o.s.-5- 34.1 26.2 
Sis, per Conte «7 axle a ss 51.0 66.7 
HsOs per eeiite cre. vies. Kes Hole) 8.2 


(d) Magnesium Silicates in Absence of Sodium Hydroxide—To 
prepare samples of magnesium silicates in the absence of sodium 
hydroxide the silica was added as silicic acid and the magnesium 
as the hydroxide. Silicic acid was prepared by pouring sodium silicate 
(specific gravity 1.1) into an excess of 3 normal hydrochloric acid, 
and the sodium chloride formed was separated by dialyses through 
cellophane. This required about 40 hours of constant stirring, the 
wash water being changed frequently during this time. Magnesium™ 
hydroxide was prepared from magnesium sulphate by precipitation 
with ammonium hydroxide. Purification of the precipitate was accom- 
plished by decantation and washing until no trace of sulphate was 
found in the wash water. 

A mixture of the silicic acid and magnesium hydroxide was pre- 
pared so that the theoretical solid formed from this solution would 
be MgO SiO... By analysis (Table 29), however, it was found that 
this solid (sample 32) corresponded to the following formula: MgO 
SiO, 0.75H,0. The solid appeared very much like the sample shown 
in Fig. 9. Petrographic examination showed that the “bluish white 
material (somewhat transparent) of this sample was a glass with an 
index of refraction equal to 1.557. A few particles appearing faintly 
erystalline with an index of 1.530 were also present.” 


_ 


PREVENTION OF SCALE IN STEAM BOILERS 33 


Fic. 9. PHoToOMICROGRAPH OF SAMPLE 34 
35 x 


MgO 28i0, was prepared by taking proper amounts of silicic 
acid and magnesium hydroxide, which were prepared as already 
described. Water was added to the mixture until the volume was 
about 250 ce. The composition of the solid formed (sample 34) is 
shown in Table 29. This mixture corresponded to the following 
formula: MgO 1.7Si0, 0.71H.O. Figure 9 is a photomicrograph at 35 
magnifications of this sample. Some of the transparent (glassy) 
matter was separated and analyzed. The composition of this was 
92-per cent SiO., and 4.4-per cent MgO. The large egg-shaped 
particles appear to be pure MgO. 

Petrographic examination of sample 34 showed it to be ‘composed 
of particles slightly crystallized with an index of refraction about 
equal to 1.550, and glassy particles showing no crystallization, in 
which the index ranges from 1.510 to 1.530.” It seems probable that 
this sample was not completely mixed when it was placed in the bomb. 

(e) Conclusions—The summary of conclusions which may be 
drawn from the results of the study on the formation of solid silicates 
is as follows: 

(1) Large crystals of analcite may be formed at 540 deg. F. from 
a solution containing 135 millimoles of alumina and 524 millimoles of 


silica per liter. 
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TABLE 30 


SoLuBILity or ANALCITE IN WATER AND SopruM HypROXIDE FROM 360 To 540 pzEa. F. 
Results recorded in millimoles per liter 


T Found in Solution Se 

empera- atio 

Test No. —. oon SiOes 
er. ° 

a NaOH | Na:CO: | AlOs SiOz Al:Os 

GIZ=1. we eee ee 360 0 1.6 0.4 0.32 0.7 PA 

DEG dca sorur 0 2.4 0.6 0.34 0.9 2.6 

Clee Ook one 2.4 2 1.6 0.27 eS 4.4 

(Ua oa gobode 2.4 1.0 er! 0.28 0.9 322 

i cm tesa o ie 5.9 3.0 323 0.43 1.6 3e7 

Whew ons. cue 5.9 eo 3.4 0.42 1.8 4.3 

GISH7. eee 405 0 0.4 0.8 Ono 1.4 2.4 

8 on 0 0.5 0.9 0.45 cha oT 

2.5 0.7 1-2 0.45 0.8 127; 

2.5 1.0 1.5 0.52 1.0 2.0 

6.2 2.8 3.4 0.45 138 4.1 

6.2 3.2 3.5 0.52 1.6 eel 

ISIS oo ob nen 470 0 0.3 0.9 0.57 1.5 2.6 

La eaeeeehs 0 0.5 1.0 0.53 1,7 aro 

U5 eee uate sists 0.2 0.9 2.2 0.46 18 3.9 

US aenetent 2.5 0.9 Bab 0.48 Ws 3.5 

Solera 6.2 2.9 3.9 0.88 2.4 oor 

20 Haronstenvone 6.2 3.5 3.9 0.84 oT 2.5 

GIb=2ie ceatin « 540 0 0.4 Ls 0.78 2.2 2.7 

PO oat 0 0.2 1.0 0.62 1-8 2.8 

PRY em an oo 2.5 0.7 2.5 0.70 2.3 OS 

le oS eae 2.5 0.8 Da 0.64 OI 3.4 

Ol Rarionine ce 6.2 3.3 4.0 0.96 2.8 2.9 

ZO tethers 6.2 B53 4.0 1.03 2.5 2.4 


(2) Magnesium alumino silicate is formed in preference to analcite 
when the ratio of silica to alumina is less than four. 
(3) When alumina is present, more flocculent sludges are formed. 


- 
~ 


(C) Solubility Studies of Silicates 

(a) Solubility of Analcite—To determine the solubility of anal- 
cite, tests were run at 360, 405, 470 and 540 deg. F., using the analcite 
(sample 23) formed in a previous experiment. It was estimated that 
only 0.8 gram of analcite would be required to have an excess present 
in the bomb after reaction. The solubility was studied in water and 
two different concentrations of sodium hydroxide, corresponding to 100 
and 250 parts per million of sodium hydroxide. The results of this 
series of tests are shown in Table 30. 

From these tests it is seen that the analcite is more soluble at 
higher temperatures, and slightly more soluble with increased alkalin- 
ity, but the solubility of SiO, and Al,O, is not in the same ratio as 
combined in this complex silicate. Since the ratio of SiO. and Al,O3 
is less than four, more Al,O, is in solution than SiO,. There is some 
silica that did not go into solution, and thus may have precipitated 


— 


TABLE 31 
SoLuBILiry or Soprum ALUMINATE AND Soprum Siuicate at 360 To 540 pua. F. 


Concentrations expressed in millimoles per liter 
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Fig. 10. PHOTOMICROGRAPH OF CRYSTALS FROM TEST 602-19 
35 Xx 


in the bomb. If the alkalinity had been much higher, it might have 
been possible to bring more silica into solution. These tests appar- 
ently indicate that analcite scale formation may be prevented. if the 
silica does not exceed 3 millimoles per liter. 

(b) Reaction Between Sodium Silicate and Sodium Aluminate 
Solutions —A series of tests was run using sodium silicate and sodium 


aluminate in such proportions that the ratio of silica to alumina was™ 


about four at various concentrations and temperatures. The results of 
these tests are presented in Table 31; they indicate that more SiO, and 
Al,O; are lost at higher temperatures and concentrations than at lower 
temperatures and concentrations. It will be noted, however, that the 
ratio of $10, to Al,O,; lost approaches four only at the lower concen- 
trations and at 405 and 470 deg. F. Apparently some other silicate 
that does not have the same composition as analcite was being formed. 

The solids formed in these tests were removed from the bombs 
and inspected with a microscope. The amounts of the samples ob- 
tained were too small for chemical analysis. Much iron oxide was 
present with the crystals formed. 

The photomicrograph shown in Fig. 10 shows the solid formed in 
test 602-19. These crystals do not appear to be analcite, as was 
formed in some previous tests (see Fig. 1) in which a much higher 
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TABLE 32 
Reaction BetwEEN Macnestum SutpHaTe AND Soprum SILICATE AT 
360 anp 540 pra. F. 
Results expressed in millimoles per liter 
Tem- Solution Added Remaining in Solution Ratio 
Test No poe of SiOz 
deg. F. | NaOH | MgSO: | Na2SiOs| NaOH | NasCO; MgO SiOs SOx ase 
624 alee 360 33.8 | 25.4 | 25.8 0 0.31 | 0.89 0.1 | 24.6 
Deets 33.8 | 25.4 | 25.8 0 0.27] 0.99 0.8 | 24.4 io 
iB a 20.0'| 25.4 | 51.6 0 0.12] 0.57 4.5 | 25.4 1.9 
BINS, 37, 20.0 | 25.4 | 51.6 0 0.13 |} 0.48 4.6 | 25.2 1.9 
awa sas 5.00). (25.4 | 77.4 0 0.16] 1.03 7.6 | 25.0 2.8 
Caen: ScO) |) 25:4 | 7.24 0 0.20] 1.06 7.0) 25.0 D3 
625-21 540 33.8] 25.4] 25.8 0 0.34 | 1.67 0.8 | 24.9 G 
BO oes 2030 |r 25.4/)" 51.6 | 0 On13 0.40 | 2.6) 14.5) 1,1 
a 2070) 12524.) S51c6ue 0 O-00'}) 2.11 | “10.0 | 25.6 7, 
Oba. SeOuh 25-44 7.4 0 0.00] 0.21} 11.9] 25.5 2.6 
Bes 5 5.0 | 25.4] 77.4 0 0.00} 0.24] 12.2 | 24.9 2.6 
TABLE 33 
CoMPOSITION OF SOLIDS FoRMED FROM MAGNESIUM SULPHATE AND SODIUM 
SILICATE AT 360 AND 540 pza. F. 
ener Composition, per cent Molar Ratios 
Test No. ae 
ee MgO | SiOz H20 R:O: | MgO | Sis H20 
GS Re eee eee 360 31.6 47.6 ed 6.1 1 1.0 12 
OR oe, ac 30.6 47.9 16.2 6.4 1 1.0 Tliail 
Se ae eats. BAF) 59.0 12.9 8.8 1 ‘aa 1.2 
ieee ee ee oY 20.6 55.5 11.1 7.4 1 1.8 1.2 
RM cee 16.0 63.2 11.6 8.9 1 2.6 1.6 
(Seas Seen 15.3 66.0 13.9 5.8 1 DAS 2.0 
FEE Dihen 6 odes ene 540 26.4 49.7 15.3 4.5 1 1a 1.4 
OM ay ers SP 32.1 49.7 15.3 5.3 1 1.0 1.0 
TENS sce Ae a alli 23.2 59,9 9.2 ies 1 tere 0.8 
Oya he a Se BAD 59.4 8.8 9.8 1 3 0.8 
Date all oa ae ea 18.6 69.3 6.0 5.1 1 2.4 0.7 
OG eet kes Fe, 1387; 67.0 Fok 12.0 1 2.3 1A 


concentration of sodium silicate and sodium aluminate was used. 
These crystals probably are a sodium alumino silicate complex with 
the ratio of SiO. to Al,O; of about 2.7, interpreted from the SiO, and 
Al,O, loss of the solution from which these crystals are formed. 

(c) Reaction Between Sodium Silicate and Magnesium Sulphate 
Solutions—Tests were run to determine if there is any reaction be- 
tween sodium silicate and magnesium sulphate at 360 and 540 deg. F. 
An attempt was made also to determine the composition of the sludge 
that was formed during the reaction. Sodium silicate and magnesium 
sulphate were mixed in such proportions (in the bomb) that the ratios 
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of SiO. to MgO were 1 to 1, 2 to 1, and 3 to 1. Sodium hydroxide 
was added to the mixture, so that the solution would be alkaline after 
the reaction. It is obvious from Table 32 that not enough hydrate 
was added, that less silica and magnesium salt are removed from the 
solution at the higher temperature (540 deg. F.) than at the lower 
temperature, and that the ratio of the silica lost to the magnesium 
lost appears to be less at higher temperatures. 

The composition of the solids formed is given in Table 33. It 
will be noticed that the ratio of the silica to magnesium in the solid 
is very much the same as calculated from the loss of these constitu- 
ents from solution. 

These solids contained much iron, due to the low alkalinity in the 
bombs, but this does not affect the calculations in determining the 
ratios. When in water the solids formed a somewhat gelatinous pre- 
cipitate, which settled slowly. This form of solid probably would not 
make a good boiler sludge. 

(d) Reaction Between Sodium Silicate and Magnesium Sulphate 
Solutions with Solid Sodium Aluminate—To study the reaction of 
sodium silicate and magnesium sulphate with the sodium aluminate, 
mixtures were made so that the ratio of Al,O; to MgO was 1 to 1 
throughout the tests, and the ratio of SiO. to MgO was 1, 2, and 3 in 
the various bombs. These tests were run at 360 and 540 deg. F., with 
a duplicate of each sample. 

The results of these tests, shown in Table 34, indicate that more 
magnesium was removed from solutions when the lower amounts of 
silica were added. From the same table, it will be noticed that the 
Al.O; present is lower at the higher concentrations, showing that 
more alumina has reacted, but is not completely precipitated in any 
of the concentrations of magnesium salt or silicate used. Ratios of the 
loss of magnesium to loss of silica are very near the anticipated values, 
except in tests 627-25 and 627-26. In these tests the ratio is about 3.5 
instead of 3 (molar ratio on the original solution). These solids are 
more flocculent than the solids formed without sodium aluminate. 

The solids formed were analyzed as before, and the results are 
given in Table 35. The ratios of SiO, to MgO in this table and in the 
previous table do not check as closely as the ratios for these com- 
pounds given in Tables 32 and 33. 

(e) Reaction Between Sodium Silicate and Calcium Chloride Solu- 
tion—Tests were run using a sodium silicate and calcium chloride 
mixture. Sodium hydroxide was added, in an attempt to have an 
alkaline solution at the completion of the reaction, but this was not 
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TABLE 35 


Composition oF Sotip FormMep rrom MaGNEsIuM SULPHATE, Soprum SILICATE, 
AND Soprum ALUMINATE AT 360 AND 540 vec. F. 


Tem- Composition, per cent Molar Ratios 
Test No. pes 
deg. F. MgO SiOz AlsOz3 H20 MgO SiOz AleOz H20 
GEL wa, 360 10.1 28.7 43.3 15.1 1 1.9 herd 3.5 
Wag De ae bie 9.6 28.4 42.7 17.0 1 1.8 ihess 3.9 
Rie aie 8.7 38.2 34.2 12.8 1 2.9 1.5 3.3 r 
Waite Toned gStet hes teAel a l See 1 3.3 1.6 3.8 4 
capstan ake 10.7 43.6 26.9 13.3 1 oi 0.9 2.3 . 
(peeiee: (call 42.4 26.9 13.3 1 4.0 1.4 4.1 
G27od sae 540 | 12.1 30.3 42.2 ih if 1.6 tes; 2.0 # 
OE tne 21.5 30.2 33.2 11.9 1 0.9 0.6 12 : 
Cae ten oe 6.7 39.8 35.8 6.9 1 3.6 rate.t OER 
Ti oad 6.5 | 38.8 35.0 5.4 1 4.0 2.1 1.8 4 
Tiras 8.8 46.1 27.3 6.2 1 2.9 i? 1.5 
Cat eee 8.2 42.8 28.1 6.7 1 3.5 1.3 ilps ; 
4 
TABLE 36 
Reaction BETWEEN CALCIUM CHLORIDE AND SODIUM SILICATE AT 
360 anp 540 pma. F. 
Results expressed in millimoles per liter 
ners Solution Added Remaining in Solution Ratioof , 
pera- SiOz to 3 
Test No. ald C20 
deg. F. | NaOH | CaCle | NasSiO3} NaOH | NasCO;| CaO SiO2 Cl Lost 
360 37.5 | 28.4 | 25.8 0 0.38 | 2.5 0.2 56.4 0.9 
37.5 | 28:4)) 25:8 0 0.20] 2.6 0.3 56.7 0.9 
29.5 ease ee le 0 On12 ess 4.8 57.2 1.8 
29.5) BRede te ois ) O275 | ves 4.5 56.5 1.8 
7.50) 28.4 le vies 0 Os10q|), O94 5.1 57.3 De 
7.6. 28a eee 0 0254 276 5.9 57.5 Dai, 
540 37.6 | 28.41 apes 0 0.18 | 2.5 0.9 55.9 0.9 _ 
S7.OUl) 2Se4 al meOD ES 0 OLN eee 0.9 55.6 0o as 
22.5 | S848 SL.8 0 0-31 |) a2 3.6 56.7 1.8 
295 S8Ee NW Sb1 6G 0 OBZ er 3.7 61.6 1.8 
hen) PIS ra 0 0.27 | 2.3 | 14.8 56.4 2.4 
7.5 | 28.4 | 77.4 0 OS225 T-Cell sen 56.7 29 


accomplished, and the. result was a high R.O; content in the solids 
formed. The ratio of silica to calcium was 1, 2, and 3 for the various 
bombs at one temperature. 

Results of these tests are shown in Table 36. The amount of 
calcium remaining in the solution is almost constant throughout the 
entire set of tests, but the amount of silica in solution is greater at 
the higher concentrations of silica and considerably greater at the 
higher temperatures. From this it would be expected that the ratios 


of silica to calcium would be less than the amounts added, as shown in 
Table 37. 
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TABLE 37 


Compos!TIon or Sotip ForMED FROM Cautctum CHLORIDE AND Sopium 
SmicatTe at 360 anp 540 pua,. F. 


ee Composition, per cent Molar Ratios 
Test No. ture 
deg. F. z 
CaO SiO. H20 R203 CaO SiOz H20 
(VISE Si lovieuehae net tier pee 360 42.1 44.2 3.0 6.7 1 0.9 0.2 
areas Clete aera - 33.2 45.1 7.3 12,2 1 1,2 0.6 
ORE Pe hence. 31.0 58.9 8.0 1.4 uy Py 0.8 
iO reeretarn ie iavers, ae 27.5 57.6 9.3 3.7 1 1.9 1.0 
EM oe een 20.0 65.5 7.9 4.9 1 3.0 1,2 
DZ ee TO ta a 19.8 66.5 7.9 5.1 1 3.0 1.2 
C2 9R 2 Mos ae sissies Sikhs 540 45.5 46.9 Ge 2.9 1 0.9 0.4 
2a is 40.3 46.1 6.2 re 1 1.0 0.4 
23.4 57.6 6.4 10.7 it 2.3 0.8 
25.9 59.4 6.0 5.8 ui gent 0.7 
25.4 13.2 5.9 3.9 1 2.7 ORT 
23.6 65.7 5.8 ie 1 2.6 OnT 


From the results shown in Tables 36 and 37, it appears that the 
combining ratio of calcium and silica is about 3 at 360 deg. F., but at 
540 deg. F. the combining ratio is about 2.5. This indicates that for 
higher temperatures more calcium must be present to remove silica. 
This is practically the same condition as found in the tests of mag- 
nesium sulphate and sodium silicate mixtures. The solutions obtained 
when calcium chloride was used were turbid after filtering, while the 
solutions obtained when magnesium sulphate was used were clear, 
except for a small amount of iron present. 

({) Reaction Between Sodium Silicate and Calcium Chloride 
Solutions with Solid Sodium Aluminate—Tests of the reaction be- 
tween sodium silicate and calcium chloride with sodium aluminate 
mixtures were made so that the ratio of Al,O; to CaO was 1 to 1 
throughout the tests, and the ratios of SiO, to CaO were 1, 2, and 3 
in the various bombs. These tests were run at 360 and 540 deg. F., 
with a duplicate of each sample. 

The results of these tests, shown in Table 38, indicate that at 540 
deg. F. more calcium is removed than at 360 deg. F., and that less 
silica is removed at higher temperatures and concentrations. The 
sodium aluminate is more soluble in the solution containing less 
silica, but temperature does not have much effect on the solubility. 
The ratio of silica to calcium removed from solution is somewhat. 
lower at the higher temperature, and is about 2.6 at the higher con- 
centration instead of the anticipated ratio of three. The amount of 
calcium remaining in solution is less than the magnesium in solution in 
tests using magnesium instead of calcium with silica and alumina. 


per liter) 


millimoles AlsOz 
in millimoles per liter 


TABLE 38 
Reaction BETWEEN Macnestum SuLpHatE, Soprum SruicaTe, AnD Soprium ALUMINATE AT 360 AND 540 pEc. F. : 
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TABLE 39 


Composition or Sotip Formep rromM MAGNESIUM SuLpHats, Soprum SILIcaTR, AND 
Soprum ALUMINATE av 360 AND 540 pra. F. 


Tem- Composition, per cent Molar Ratios 


360 | 28.6 | 29.1 25.5 12.7 te, 0.9 0.4 
29.9 29.4 26.9 12.7 1 0.9 0.4 13 
20.6 | 37.0 | 24.2 12.4 1 1.6 0.6 1.8 
1976 | 87.0 || $25.2 12.5 1 127 0.7 1.9 
15.0 | 41.5 | 20.4 13.0 1 215 0.7 2.7 
18:5) 1 41-3 19.5 13.0 1 2.8 0.5 2.9 

540 ee wi. Sioa) | 25-2 9.3 1 0.9 0.5 0.9 
31.8 | 3033011 28.9 9.5 1 0.9 0.5 0.9 
Wis) i az.6 4 81.7 7.5 1 1.9 0.9 ites 
13.9 | 45.0 | 25.4 9.0 1 3.0 1.0 2:0 
25.3 | 45.5 | 25.5 8.5 1 2.6 0.9 7 


This would indicate that calcium alumino silicates are less soluble 
than magnesium alumino silicates. 

The solids formed in these tests were analyzed as before, and the 
results are given in Table 39. The ratios correspond closely to those 
given in Table 38, and need no additional discussion. The solids 
formed throughout the tests were quite flocculent. 

(g) Conclusions—The summary of conclusions which may be 
drawn from the results of the study on the solubility of solid silicates 
is as follows: 

(1) Analeite is more soluble at higher temperatures, and the 
solubility is greater with increased alkalinity, but the solubilities of 
silica and alumina are not in the same ratio as when combined in this 
complex silicate. 

(2) In order to keep the silica content of the solution low, the 
magnesium to silica molar ratio in the solid must be greater than 1. 


6. Prevention of Sulphate Scale—One method of preventing the 
formation of calcium sulphate scale in steam boilers is to convert the 
calcium to a form which will not form scale. Under certain conditions 
the addition of sufficient sodium carbonate or sodium phosphate will 
prevent the formation of the sulphate scale. 

Tests have been run using different sodium salts, in order to see 
if other chemicals could be used to prevent the sulphate scale. These 
tests have involved the use of sodium fluoride, cryolite, and sodium 
oxalate. The tests have been divided into the three following divisions: 

(A) Solubility Tests Run in Bombs 
(B) Solubility Tests at 212 deg. F. 
(C) Seale Prevention Tests in Laboratory Boiler 


44 


Fivoripn, Hyproxipn, AND CARBONATE CoNTENT OF SOLUTIONS CONTAINING 


ILLINOIS ENGINEERING EXPERIMENT STATION 


TABLE 40 


Sopium Fiuoripgs AND Hyproxipr H®aTED WITH 
Sotip CaLtcrom CARBONATE IN EXCESS 


At End of Test Added 
Tempera- OH 
Test No. ture F OH COs F 
deg. F. CO3/F 
millimoles per liter millimoles per liter 
BPO Msraie (eielcteactrare 360 11.5 6.25 1.6 0.14 12.5 6.5 
pEaS - 13.0 4.55 Sei 0.16 12.5 6.5 
17.0 4.40 4.2 0.25 25.0 6.5 
16.0 5.50 3.6 0.23 25.0 6.5 
31.8 4.07 6.6 0.21 37.5 6.5 
32.0 5.45 6.6 0.21 37.5 6.5 
Av. 0.20 
A ee eee 470 7.0 5.38 1.6 0.23 8.9 Bia 
ae 5.6 4.80 2.3 0.41 8.9 Bu 
10.7 3.56 2.3 0.22 LoS 6.7 
14.3 3.88 5.0 0.35 26.7 6.7 
15.1 ZG 5.6 0.37 26.7 6.7 
Av 0.32 
DOO cae ereclannsintere 540 8.8 4.00 2.9 0.33 8.9 Oris 
10.7 5.00 3.0 0.28 8.9 6.7 
14.3 2.70 5.8 0.40 17.8 Li mf 
21.2 4.73 7.4 0.35 26.7 6.7 
20.0 4.65 7.8 0.39 26.4 6.7 
Av 0.35 


(A) Solubility Tests Run in Bombs 


eal 


The same bombs were used for these tests as in those previously 
described. A list of the various tests run, and the numbers of the 
tables containing the results of these tests, is as follows: 


Table 
No. 


40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 


Solid Added Solution Added f 
Calciumicarbonste yc... eee Sodium fluoride, hydroxide 
Calevmmlsil phates ce ke ae eee ee Sodium fluoride, hydroxide 
Calciimi phos hia tegen: ene len eee Sodium fluoride, hydroxide 
IN ONG, oe rt a sane Genes ae ee Cryolite and hydroxide 
Calcrum/carponatesnnsl >] aan eee nee Cryolite and hydroxide 
GCalciumisulp hates mieten eee eee Cryolite and hydroxide 
@ailchumltitiorid exe seein ae eee ee Sodium carbonate, hydroxide 
Gr Wornmnnpstowels  oonewunecncdes couscous: Sodium phosphate, hydroxide 
@alcnimicarbonates..e ss oeen iene Sodium oxalate, hydroxide 
Calciumisulpbatesen: seers eee Sodium oxalate, hydroxide 


Calenmmioxalate!-- eat. Sodium carbonate, hydroxide 


Ss 
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TABLE 41 
FLuoripe, SULPHATE, AND Hyproxipe ConTEntT or SoLutions ConTAINING 
Soprum FiuormeE anp Hyproxme Heatep witn Soxip 
Caucrum SULPHATE IN Excess 


At End of Test Added 
ten Tempera- 
est No. ture F SO. OH 
eee 4 F/SO4 F OH SO. 
a millimoles per liter 
NSO rayohsiS ears ie 360 0.5 5.6 1.9 0.10 8.9 6.6 
1.0 9.7 2.0 0.10 17.8 6.6 
1.0 9.5 2.4 O217 17.8 6.6 
2 14.1 2.3 0.09 26.7 6.6 
BBS ie alavcicne sie 470 1.4 5.0 2.0 0.28 8.9 6.6 
1.8 out. = Q) 0.48 8.9 6.6 
1.3 9.5 E yg 0.15 17.8 6.6 
1.4 9.3 1.5 0.16 17.8 6.6 
1.5 11.9 1.0 0.13 26.7 6.6 
1.6 13.4 1.3 0.12 26.7 6.6 
BAGS tae avers 470 1.4 8.7 10.5 0.16 17.8 16.6 3.2 
3.2 10.6 12.4 0.30 17.8 16.6 3.2 
3.0 13.7 10.7 0.22 17.8 16.6 6.5 
3.4 14.0 12.4 0.24 17.8 16.6 6.5 
3.3 20.8 11.3 0.16 LIAS 16.6 13.0 
Pop 19.1 12.1 0.14 17.8 16.6 13.0 
OC Oecd sts 540 1.4 3.7 2.5 0.40 8.9 6.8 
1.6 3.8 3.1 0.43 8.9 6.8 
2.1 6.9 2.2 0.30 17.8 6.8 
Siok 9.5 2.3 0.32 26.7 6.8 
3.0 9.6 2.3 0.31 26.7 6.8 


(a) Fluoride Tests—Table 40 gives the results obtained when 
solutions containing sodium fluoride and sodium hydroxide were 
heated in contact with calcium carbonate in excess. The fluoride 
remained largely in solution. The ratio of the carbonate to the 
fluoride varied from 0.20 at 360 deg. F., to 0.35 at 540 deg. F. 
This would indicate that as long as the carbonate content is greater 
than 0.2 times the fluoride, the calcium carbonate would be formed 
in preference to the calcium fluoride as a solid. In the majority of 
boilers, the carbonate would be present in sufficient quantity to pre- 
vent the fluoride from forming unless excessive amounts of fiuoride 
were present in solution. 

In Table 41 are shown the results of tests run when the solid 
present at the beginning was calcium sulphate, and solutions con- 
taining sodium fluoride and sodium hydroxide were added. At 360 
deg. F. the fluoride content dropped to about 1.3 millimoles (55 parts 
per million NaF), with the sulphate about 14 millimoles per liter 
(2000 parts per million Na,SO,), thus showing that the calcium 
fluoride would be formed in preference to the sulphate if over 55 parts 
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TABLE 42 


Puospuats AND Hyproxipr Content or SoLutions ConTaInina SopIuM 
FLuormpe AND Hyproxipp Heatrep with Soxiip TRrI-cALCIUM 
PHOSPHATE IN EXcEss 
a eee 
Eee 


At End of Test 


Test No. Temperature POs OH 
deg. F. 


millimoles per liter 


B20 wvvevccveesenes 470 


TABLE 43 


Fruuorrmer, Avumina, AND Hyproxipge Content OF SoLuTIONS CONTAINING 
Cryouitr AND Sopitum Hyproxipr Heatep witH No Soiip PRESENT 


; 


s 
1 
At End of Test Added q 
ee eR en N| |e 4 
4 
Test No, | Temperature F Al:0s OH F AlOs 
deg. F. é 
1 
millimoles per liter [ 
RSA nie ik reign a's 360 6.2 0.34 0.0 5.0 0.59 
6.7 0.28 O2 5.0 0.59 
10.3 0.44 2.2 10.1 1.18 
12.5 0.55 2.4 10.1 1.18 
17.4 0.64 5.6 15.0 S773 
16.7 1.30 5.4 15.0 Lida 
Gutbatirctacsd siete 405 5.4 0.78 0.7 5.0 0.59 
5.4 1.03 0.6 5.0 0.59 * 
9.4 0.78 es 10.1 1.18 = 
11.5 0.98 0.5 10.1 1.18 
15.6 0.83 3.4 15.0 LCase 
16.3 0.72 3.0 15.0 1.77 
BOM acne Wee € 470 5.5 0.28 0.0 5.0 0.59 
10.6 0.48 Tees 10.6 1.18 
10.6 0.32 0.6 10.1 1.18 
16.5 0.46 1.2 15.0 1.18 
16.6 0.58 1.2 15.0 aia 
GaOeeenriaek 540 4.2 0.59 0.3 5.0 0.59! 
10.8 0.55 0.9 10.1 1.18 
16.3 1.60 1.6 15.0 Late 
15.1 0.63 L.6 15.0 Tai 


per million of NaF were present, even with the sodium sulphate as 
high as 2000 parts per million. At 540 deg. F., apparently about 120 
parts per million of NaF would be necessary to prevent calcium 


sulphate from forming, if the sodium sulphate were around 1400 parts 
per million. 
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TABLE 44 
Fiuoripr, ALUMINA, AND Hyproxipe ConTENT or SoLuTions ConTAINING 
CrYoLite anp Soprum Hyproxipr HEATED WITH 
Sotip Catctum CARBONATE IN Excrss 


At End of Test Added 

Test No. aoe F | Al:Os | OH F AlLOs 
* millimoles per liter 
POR EAS Seca Ntne 360 Tk 0.98 4.8 8.9 0.58 
6.4 0.91 4.3 8.9 0.58 
10.5 1.47 11.0 17.6 1.15 
10.5 1.50 10.9 17.6 Leu) 
13.3 2.04 17.6 26.5 1.73 
16.0 1.98 17.8 26.5 1.73 
TABLE 45 


FLuorine, SutpHatTe, ALUMINA, AND HyproxipE Content or So.utions Con- 
TAINING CRYOLITE AND Soprum Hyproxipre Heatep witra Soup 
Caucium SULPHATE IN Excrss 


At End of Test Added 
Tempera- 
Test No. ture F SO. Al,Os OH F Al2O3 
deg. F. 
millimoles per liter 
Cia devotee conse ¥%.- 360 0.51 3.4 0.27 0.0 5.0 0.52 
0.51 3.3 0.32 0.0 5.0 0.52 
0.51 6.5 0.27 0.0 10.1 1.03 
C270 6.1 0.43 0.0 10.1 1.03 
0.51 9.9 0.43 0.0 15.0 1.55 
0.80 9.3 0.40 0.0 15.0 1.55 
Speke orate gicpe iets adc 360 0.69 3.9 0.34 2.1 8.9 0.58 
0.83 4.3 0.20 17.6 8.9 0.58 
0.29 Thre 0.83 Tiel 17.8 1.16 
0.31 6.9 0.77 6.0 17.8 1.16 
0.19 10.3 1.35 10.4 26.7 1.74 
0.35 10.1 1.55 11.5 26.7 1.74 
ee Sener 405 0.31 4.7 0.29 0.0 (il 0.51 
0.31 4.6 0.36 0.0 6.1 0.51 
0.30 8.1 0.55 21 12.3 1.02 
0.31 8.5 0.55 2.6 12.3 1.02 
0.31 1120 L238 hak 18.4 1.53 
0.20 12.2 1.19 4.9 18.4 1.53 
Meters unaieheres é 4 0.65 ret 0.33 0.3 6.1 0.51 
aa. - 0.31 3.6 0.44 0.0 6.1 0.51 
0.30 6.4 0.75 Oya: 12.3 1.02 
0.43 6.8 0.56 4.4 12.3 1.02 
0.16 Qez 1.82 8.6 18.4 1.53 
0.15 10.6 1.o7 9.7 18.4 1.53 
a aWeuete ev enaitas ay 540 0.86 2.2 0.48 0.0 5.0 0.52 
ee 0.88 2.5 1.04 0.0 5.0 0.52 
1.40 Sek 1.02 0.0 10.1 1.04 
1.20 8.0 0.70 tig) 15.0 1.56 
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TABLE 46 


FivormeE, CARBONATE, AND Hyproxipe ConTEeNT oF SOLUTIONS CoNTAINING 
Soprum Hyprox1IpDE AND CARBONATE HEATED WITH 
Sotrip Catcium FiuorIpE In Excess 


At End of Test 
Test No. Temperature F | COs | OH 
deg. F. C0:/F 
millimoles per liter 
3.6 1.0 3.8 0.27 
vise coe Roepe 360 3.6 1.0 3.8 0.27 
4.6 2.1 3.5 0.46 
4.8 1.4 4.3 0.31 
5.9 1.7 3.8 0.30 
: ila : : 
a Av. 0.32 
nf ee 47 2.8 1.5 3.4 0.52 
eed - 2.6 17 2.5 0.63 
5.4 2.3 2.7 0.43 
5.3 2.3 3.0 0.44 
Av. 0.50 
bat ee en 540 Bey 1.5 2.8 0.41 
Sa cee: 1.4 3.6 0.42 
4.0 1.8 dof 0.46 
Bz 1.9 ae 0.52 
4.8 1.9 5.4 0.40 
5.1 1.9 4.0 0.37 
Av. 0.43 


When tri-calcium phosphate was heated in contact with solutions 
containing sodium fluoride and sodium hydroxide (Table 42), no 
phosphate was found in the solution at the end of the test. This 
showed that tri-caletum phosphate has a lower solubility than calcium 
fluoride, and the presence of a small amount of soluble phosphate in_* 
solution would cause the precipitation of the calcium phosphate in 
preference to the calcium fluoride. 

In order to study the stability of cryolite solutions at the various 
temperatures encountered in boiler operation, alkaline solutions of 
cryolite were heated at temperatures between 360 and 540 deg. F. 
The results of these tests (Table 43) show that the fluoride remains 
in solution, while the alumina tends to be partially removed. 

When solutions containing cryolite and sodium hydroxide were 
heated with calcium carbonate, there was not much change in the 
composition of the solution (Table 44), thus showing that the calcium 
carbonate was less soluble than the calcium fluoride. 

When solutions containing eryolite, sodium hydroxide, and sodium 
sulphate were heated with an excess of calcium sulphate, the fluoride 
content of the resulting solutions was reduced to a low amount (Table 
45). Thus, at temperatures between 360 and: 470 deg. F. the fluoride 


PREVENTION OF SCALE IN STEAM BOILERS 49 


TABLE 47 
Fiuoripg, PHospHaTe, AND HYDROXIDE ConTENT oF Souutions ConTaAINniInG 
TRI-SopIUM PHosPHATE AND Soprum HypRoxIpDE HEATED WITH 
Sotip Catctum Fiuoriwe in Excess 


At End of Test Added 
Temperatur 
Test No. dee: F. e F | POs | OH PO. OH 
' millimoles per liter 

UP Ue aks Sacer 360 8.8 0.0 0.0 232 3.2 
8.8 0.0 0.0 eo, 352) 

15.0 0.0 0.5 4.5 3.2 

12.5 0.0 0.5 4.5 3.2 

23.5 0.0 0.9 GAT 3.2 

23.0 0.0 0.8 6.7 3.2 

(CPA ots SERS OOS 405 8.3 0.0 0.2 2.4 3.4 
8.5 0.0 0.0 2.4 3.4 

15.7 0.0 0.5 4.8 3.4 

14.7 0.0 0.6 4.8 3.4 

23.2 0.0 Le de 3.4 

23.2 0.0 1.3 ae) 3.4 

G2 Dee sistone a errs. 470 8.3 0.0 0.1 2.4 3.4 
8.3 0.0 0.2 2.4 3.4 

13.1 0.0 0.8 4.8 3.4 

14.3 0.0 0.5 4.8 3.4 

21.0 0.0 0.6 7.2 3.4 

20.4 0.0 i? Woe 3.4 

G2 Siteteneisis.6 eas 540 8.0 0.0 0.0 2.6 3.5 
8.1 0.0 0.0 2.6 3.5 

13.8 0.0 0.0 See. 3.5 

13.5 0.0 0.3 5.2 3.5 

23.8 0.0 0.0 7.8 3.5 

23.6 0.0 0.9 7.8 3.5 


was reduced to around 0.40 millimole (16 parts per million NaF) 
when alumina was present from the cryolite. When alumina was 
absent, as in the tests when sodium fluoride was added (Table 41), 
about 55 parts per million of sodium fluoride was necessary to pre- 
vent the sulphate from remaining stable. This indicates that the 
presence of aluminate aids in the removal of calcium sulphate from 
the solid phase. 

In order to check further the tests run to study the relation be- 
tween the solubility of calcium carbonate and calcium fluoride, solid 
calcium fluoride was heated in contact with solutions containing 
sodium hydroxide and carbonate. The results of these tests, reported 
in Table 46, show that the carbonate is reduced to a definite amount, 
depending on the fluoride content. The ratio of carbonate to fluoride 
at the various temperatures agrees very well with similar data col- 
lected when the equilibrium was approached from the other direction 


(Table 40). 
The addition of alkaline tri-sodium phosphate solutions to calcium 
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TABLE 48 
OXALATE, CARBONATE, AND Hyproxipe Content or SoLurions CONTAINING 
SopiuM OxaLATE AND HyproxipE HEATED WITH 
Sotip CatcrUm CARBONATE IN EXcEss 


At End of Test Added 

Test No. Be to Oxalate COs OH Oxalate OH } 
eg. . 7 
millimoles per liter : 
Sete stakeuatet chars 405 9.4 1.8 0.6 11.9 2.0 
a z 9.3 2.2 Lid 11.9 2.0 F 
10.5 2.8 2.2 th.9 5.0 7 
10.9 ee 3.2 11.9 5.0 7 
11.4 Py 7.8 11.9 10.0 4 
10.9 ie 8.0 T1373 10.0 
Eee 470 0.2 3 0.0 12.0 2.0 F 
— 0.3 12.5 0.0 12.0 5.0 ot 
0.2 14.3 0.0 12.0 5.0 ; 
1.5 11.0 0.0 12.0 10.0 ’ 

0.5 vy gee 0.0 12.0 10.0 

(LON GS enceracran 540* 0.3 Vest 0.0 12.0 2.0 

0.2 15.8 0.0 12.0 2.0 

0.2 15.6 0.0 12.0 5.0 
0.2 19.3 0.0 12.0 5.0 ‘ 

0.1 14.1 0.0 12.0 10.0 

0.1 14.8 0.0 12.0 10.0 


“No solid added. 


fluoride caused the formation of sodium fluoride, and reduced the 
phosphate content to a very low amount (Table 47). This checked 
the data reported in Table 42. 

The data collected from these solubility tests on fluorides may be 
summarized as follows: ‘ 

(1) Calcium fluoride is less soluble than calcium sulphate, and™ 
more soluble than calcium carbonate or phosphate, at the tempera- 
tures studied. 

(2) The presence of over 50 parts per million of sodium fluoride 
in solution should prevent the formation of calcium sulphate at tem- 
peratures up to 470 deg. F., even when the sodium sulphate content is 
around 2000 parts per million. 


(3) The presence of aluminate in solution aids in the precipitation 
of the calcium fluoride. 

(b) Oxalate Tests—-When solutions containing sodium oxalate 
and sodium hydroxide were heated in contact with calcium carbonate 
up to 405 deg. F., the oxalate remained in solution in amounts equal 
to those added (Table 48). This indicated that the calcium carbonate 
was less soluble than the calcium oxalate. At 470 and 540 deg. F. the 
oxalate content was reduced to a low amount, and the carbonate con- 


a 
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TABLE 49 


Oxarate, SutpHaTe, anp Hyproxipe ConTent or SoLuTions CoNTAINING 
Soprum OxaLaTe anp Hyproxipe HEATED WITH 
Sotm Catcrum SuipHate in Excess 


a —— ———————————EE—EEE———— 


At End of Test Added 
T 
Test No. 7 Oxalate | SOx | OH Oxalate OH 


, 


millimoles per liter 


Lie, See 360 0.33 6.9 0.0 6.0 1.6 
0.52 12.5 0.0 12.0 1.6 
0.38 12.6 0.0 12.0 1.6 
1.15 17.2 0.0 18.0 1.6 
CORE NE sols «2.5m 360 0.65 12.5 1.5 12.0 6.1 
0.81 12.2 2.0 12.0 6.1 
0.54 13.1 7.0 12.0 12.2 
0.41 13.0 oe 12.0 12.2 
0.61 13.6 12.2 12.0 18.3 
1.31 11.4 13.6 12.0 18.3 
Shoe, A ae OeBe 405 0.46 6.8 0.0 6.0 1.6 
0.46 6.7 0.0 6.0 1.6 
0.80 11.8 0.0 12.0 1.6 
1.27 14.4 0.0 12.0 1.6 
0.99 1 ir 0.0 18.0 1.6 
1.09 16.8 0.0 18.0 1.6 
BO laer a a6 gio « 0 470 0.34 4.0 0.0 6.0 2.1 
0.30 2.8 0.0 6.0 2.1 
0.30 7.2 0.0 12.0 2.1 
0.25 6.8 0.0 12.0 2.1 
0.33 8.7 0.0 18.0 2.1 
0.28 10.6 0.0 18.0 2.1 
(ULM cei ee 540 0.18 gk ees 0.0 12.0 5.8 
0.18 14.1 0.0 12.0 11.6 
0.25 16.7 0.0 12.0 11.6 
0.16 15.6 0.0 12.0 17.4 
0.14 17.5 0.0 12.0 17.4 


tent increased. The reduction of the hydrate content to zero at these 
temperatures indicated that the oxalate decomposed. 

Tables 49 and 50 contain the results of tests run to determine the 
relative solubility of calcium sulphate and calcium oxalate. At tem- 
peratures up to 405 deg. F. the oxalate precipitated in preference to 
the sulphate; however, at 470 deg. F. the oxalate decomposed. 

When calcium oxalate was heated in contact with solutions con- 
taining sodium hydroxide and sodium carbonate, the carbonate con- 
tent was reduced and the soluble oxalate was formed. However, the 
carbonate was not reduced to below 3.5 millimoles—about 350 parts 
per million Na,CO;. This indicated that calcium carbonate would be 
formed in preference to calcium oxalate, if the sodium carbonate con- 
tent were below 350 parts per million, and the temperature below 470 


deg. F. 
The results of oxalate tests were not very promising, and show that 
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OXALATE, CARBONATE, AND HyproxIpE CoNTENT OF SoLuTIons CONTAINING 
Soprum CARBONATE AND HyproxipE HEATED WITH 
Sotip Catcium OXALATE IN EXcEss 


TABLE 50 


Added 


COs OH 


At End of Test 
Test No. Temperature| Oxalate COs OH 
deg. F. 
millimoles per liter 

GLG)s re fene eins <yie 360 iter 6 3.8 0.6 
Lo. 3.9 0.6 

Bot 3.6 0.5 

6.0 3.5 0.5 

6.1 4.0 0.4 

GUT srarcreters ais shee j 405 VG 4.0 0.2 
1.9 4.1 0.3 

3.5 3.6 0.5 

3.8 4.6 0,4 

5.6 4.0 0.5 

5.6 4.5 0.4 

Rs qeasompoed 470 0.2 2.3 0.0 
0.2 2.6 0.0 

0.2 4.6 0.0 

0.2 4.7 0.0 

0.2 4.0 0.0 

0.2 Sed! 0.0 

BL Oicpryevecs ois (c,s's 540 0.2 5.7 0.0 
0.2 7.4 0.0 

0.4 6.2 0.0 

0.2 12.1 0.0 

O.5 14.2 0.0 

TasBuE 51 


— ——-s  e e 


3.0 2.5 
3.0 2.5 
6.0 2.5 
9.0 2.5 
9.0 2.5 
3.4 29.9) } 
3.4 2.2 : 
6.8 2.2 4 
6.8 2.2 _ 
10.2 2.2 7 
10.2 2.2 
3.4 2.2 
3.4 2.2 
6.8 2.2 
6.8 2.2 : 
12.2 2.2 
12.2 22 
3.2 1.8 
6.4 1.8 
6.4 1.8 
9.6 1.8 
9.6 1.8 


SOLUBILITY OF SYNTHETIC CRYOLITE 
In Dilute Sodium Hydroxide Solution at 70 deg. F. 


NaOH Present 
in 


Cryolite 
grams per liter | 8™@™s per liter 


NaOH Present 


in : 
grams per liter | 2™@™S per liter 


Cryolite 


3.62 
7.76 


Parts Per 
Million 
34.8 
4.1 
1.2 


0 0.082 2.68 
1.34 2.15 5.38 
TABLE 52 
ANALYSIS OF UNIVERSITY OF ILLINOIS WATER 
I Parts Per 
ons Million Tons 
SiOssi i cecaers 14.0 IN ase Syclowisalstere 
Cahier tok 66.9 Ky eee 
MEG sd cararcistentare 31.4 SQavanes ture cicets 
IN Egan os eleicancte Des Clogs Saataekes 


4.0 
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TABLE 53 
Errect or Soprum Fivorwe on University or ILuinois WatTER AT 212 pxa. F. 
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Solution at End 


NaF p.p.m. 
Sample No. Treatment Added 
p.p.m. ; 
SiO. AlsO3 Ca Mg 
None 0 18.0 11.3 62 
Boil 4 min., filter immediately 0 20.6 8.7 6 ae 
Boil 4 min., filter immediately 25 16.2 12 45.2 31.5 
Boil 4 min., filter immediately 50 20.0 14.5 66.6 28.6 
Boil 4 min., filter immediately 100 17.4 19.4 68.9 3125 
Boil 4 min., filter immediately 200 18.0 14.2 60.2 34.0 
None 0 23.2 8.9 67.5 
Boil 4 min., filter 18 hr. later 0 ne 9.2 | 43.4 | 29:2 
Boil 4 min., filter 18 hr. later 25 18.0 10.2 47.4 28.0 
Boil 4 min., filter 18 hr. later 50 21.2 9.0 68.3 32.6 
Boil 4 min., filter 18 hr. later 100 32.8 13.0 12.8 25.6 
TABLE 54 


EFrrecT OF CRYOLITE ON UNIVERSITY OF ILLINOIS WATER AT 212 psa. F. 


Solution at End 


Cryo- 
lite 1d ae 
Sample No. Treatment Rilded 
a SiO. AlzO3 Ca Meg 
JU SUG le Sree None 0 25.2 11.0 64.3 31.8 
BPN oN the Sais SS as Boil 4 min., filter immediately 0 26.4 13.3 27.2 29.1 
ASUS ona eyensie chars: 1/2 Boil 4 min., filter immediately 25 33.6 15.9 42.9 34.9 
Ama ee covers sa een Boil 4 min., filter immediately 50 31.9 14.8 46.7 38.1 
MASS oe peice Sys sc Boil 4 min., filter immediately 100 26.1 28.7 63.1 28.4 
POM eG eis os enter. Boil 4 min., filter immediately 200 9.3 54.2 60.7 Aare 
AS 0 ee None 0 21.2 8.1 63.2 30.1 
A= 12s, orelsveis.eistorece Boil 4 min., filter 18 hr. later 0 24.4 8.1 35.9 31.9 
TASS a) cleicis-cis/sess Boil 4 min., filter 18 hr. later 25 26.1 13.0 42.8 24.2 
OOEIES FS BOmor aie Boil 4 min., filter 18 hr. later 50 34.5 11.0 50.3 19.4 
Wy eg eae Boil 4 min., filter 18 hr. later 100 33.6 15.3 43.6 24.1 
AAG isles. <) 6:6 niwis eters Boil 4 min., filter 18 hr. later 200 12).5 10.5 59.3 32.8 
the use of sodium oxalate has very little, if any, advantage over that 


of salts now being used to prevent sulphate scale. 


(B) Solubility Tests at 212 deg. F. 

In order to study further the treatment of boiler water with 
fluorides, solutions of University of Illinois water were boiled in con- 
tact with various concentrations of fluoride solutions (sodium and 
eryolite). First, the solubility of cryolite at 70 deg. F. in distilled 
water, to which various amounts of sodium hydroxide had been added, 
was studied. Table 51 shows the results obtained. The solubility of 
the cryolite increases as the hydroxide content increases. 

An analysis of University of Illinois water is given in Table 52. 
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TABLE 55 


Errecr or Soprum Fivuormer on Catcium SuLPHATE AND MAGNESIUM SULPHATE 
Sotutions sat 212 pEa. F. 


Solution at End 
1 NaF p.p.m. 
ae 4 Treatment Added 
“ .p.m 
ae Ca SO. Mg 
BaD Biers solensiviele tivase None . 0 34.1 81.6 
Qe eileen nee Boil 4 min., filter immediately 75 12.0 70.3 
Bare iaateatecesie ese Boil 4 min., filter immediately 150 3.2 70.1 
OM tour a ienie i Boil 4 min., filter immediately . 300 2.8 74.5 
be Ae ie teteae oe Boil 4 min., filter immediately 600 2.8 75.2 
Y orl acer es oie, None 0 eoesis 768 211 
Bare cde loiteayete Boil 4 min., filter immediately 75 Ree 772 188 
uD Ne Satara saeeateie Boil 4 min., filter immediately 150 sues, 785 197 
Mun D pce ane katy Boil 4 min., filter immediately 300 Pi ee 803 153 
ae: ies, ae aPeE Boil 4 min., filter immediately 600 eer 778 80 
TaBLE 56 


Errect oF CRYOLITE ON CALCIUM SULPHATE AND MAGNESIUM SULPHATE 
SoLuTIONS AT 212 DEG. F. 


Solution at End 
Cryolite Be Py ie 
eauniche Treatment Added 
p.p.m. 
Ca SO4 Mg 
= 25d Wars: ste ssiat shore None 0 34.1 81.6 
A Sale Gres adele Boil 4 min., filter immediately 60 28.5 82.1 
O-ZO echoes Boil 4 min., filter immediately 60 20e2 63.8 
OreOine srcuntedinieras Boil 4 min., filter immediately 120 24.8 62.4 
ee he ae hae Boil 4 min., filter immediately 240 12.9 57.3 
Aa cre (ric ners None 0 aieiwss 768 211 
MMe AEE ruircntets Boil 4 min., filter immediately 0 ean 766 203 
ML Oiaain’s setersisnetens Boil 4 min., filter immediately 60 5 781 193 =~ 
fib ie: SA isn ree ae Boil 4 min., filter immediately 120 781 193 
IE Oeleltts atari wit Boil 4 min., filter immediately 240 oie ee 767 185 
fod evens aint Boil 4 min., filter immediately 480 tens 772 162 


This water contains bicarbonate hardness, no sulphate, and sodium 
bicarbonate, so that, on boiling, sodium carbonate forms, and/the 
calcium tends to be precipitated. The solutions to be tested were boiled 
4 minutes, and then either filtered at once or let stand 18 hours and 
then filtered. Various amounts of sodium fluoride or cryolite were 
added to the solutions prior to boiling. Table 53 gives the results of 
the tests run when sodium fluoride was added. When the solution was 
boiled in the absence of the fluoride, the calcium was reduced from 
67 to around 40 parts per million. When 25 parts per million of 
sodium fluoride were added, the calcium was only reduced to 45 parts 
per million, and when 50 parts per million were added, the calcium 


ee wae a ee) ee ee 


E 


was not reduced at all. This effect was noticed in both sets of tests, 
in those in which the solution was filtered hot, as well as in those in 
which the solution was filtered after standing 18 hours. 

When cryolite was used instead of sodium fluoride, the calcium 
was also held in solution. However, the ecryolite did not appear to 
be as effective as the sodium fluoride (Table 54). 

Solutions of calcium sulphate and magnesium sulphate in distilled 
water were treated -with sodium fluoride and eryolite, boiled 4 
minutes, and filtered immediately. The results, given in Table 55, 
showed that the magnesium was not affected by the sodium fluoride 
until over 300 parts per million were present. The calcium content 
was reduced to a very low figure, 3.0 parts per million. When cryolite 
was added, the calcium content was only reduced from 34 to 25 parts 
per million, even when 120 parts per million of cryolite were present 
(Table 56). The cryolite had no appreciable effect on the magnesium 
present. These results indicate that cryolite will tend to retard the 
reaction between the fluoride and calcium sulphate, and the addition 
of cryolite to a feed water would not cause any precipitation of the 
calcium until the water reached the boiler. 
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(C) Scale Prevention Tests in Laboratory Boiler 

In order to study the effectiveness of the fluorides and oxalates in 
the prevention of scale, tests were run in the laboratory scaling boiler. 
The boiler and the method of operation are described in Bulletin 261.* 
The tests run and the results obtained are given in Table 57. 

The tests run at 150 pounds steam pressure showed that when the 
fluorine content was above 30 parts per million, no appreciable scale 
formed on the heating surface. At 250 pounds steam pressure 32 
parts per million of fluorine prevented a scale from forming. When 
the steam pressure was increased to 500 pounds per square inch, 40 
parts per million of fluorine appeared to be the amount necessary to 
prevent scale from forming. 

Cryolite proved as effective as sodium fluoride, and had the 
added advantage of reducing the caustic alkalinity of the boiler water. 

The conclusions which may be reached from the data collected 
are as follows: 

(1) Sodium fluoride, when used in boilers at pressures up to 500 
pounds per square inch, will prevent calcium sulphate scale when 
the flourine content is above 40 parts per million. 

(2) Cryolite, when used in boilers at pressures up to 500 pounds 


*The Cause and Prevention of Calcium Sulphate Scale in Steam Boilers,’ Univ. of Ill. 
933. 


Eng. Exp. Sta. Bul. 261, 193 
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per square inch, will prevent calcium sulphate scale when the flourine 
content is above 40 parts per million. 

(a) Comparison of Effectiveness of Fluoride and Metaphosphate 
for Scale Prevention—Sodium metaphosphate is being used for boiler 
feed water treatment to prevent sulphate scale. It has been stated 
that if the metaphosphate is present in excess it will not cause precipi- 
tation in the feed lines, but when it enters the boiler it will precipi-. 
tate the calcium as the insoluble phosphate and reduce the caustic 
alkalinity of the boiler water. 

Cryolite will also retard the precipitation of the calcium in the 
feed lines, prevent sulphate scale in the boiler, and reduce the caustic 
alkalinity of the boiler water. 

A comparison of the alkalinity-reducing power of sodium meta- 
phosphate and cryolite is given in Table 58. This shows that practi- 
cally the same amount of eryolite is required per pound of calcium 
treated as of the metaphosphate. However, the alkalinity-reducing 
power of the cryolite is 1.4 times greater than that of the meta- 
phosphate per pound of salt used. 

These properties of cryolite would indicate that there is a possible 
field for its utilization in boiler feed water treatment. 


III. OrGanic STupIEs 


7. Object of Organic Studies —Organic matter has been used in 
the treatment of boiler water to prevent scale formation for many 
years. There are available many commercial organic materials or 
compounds which are effective under certain conditions in the re- 
moval and prevention of boiler scale. Many operating engineers as 
well as chemical engineers have hesitated to use these organic materi- 
als since they could not clearly comprehend the manner in which they 
functioned, and because of this they feared that they could not control 
the action of these organic materials as definitely as they could that 
of the inorganic chemicals used in boiler water treatment. However, 
in recent years experience with these organic methods of boiler water 
treatment has definitely shown that there is a specific field for their 
utilization, and that further definite information relative to their 
action would advance their use to a great extent. Furthermore, a 
thorough knowledge of the action of these organic materials which 
could be brought about by a study of the composition of the effective 
ingredients might result in the production of a synthetic organic 
product which would have all the advantages and none of the dis- 
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TABLE 58 } 
CoMmPARISON OF ACTION oF Soprum METAPHOSPHATE AND CryoLits WHEN USED TO] 
Treat Catcium SULPHATE AND CaLcrtuM CARBONATE SOLUTIONS 

Amount of Salt Necessary to Sodium Sodium Total Sodium 

React with One Pound Calcium Hydroxide Hydroxide Hydroxide 

Calcium Salt Neutralized Formed per Formed per qi 

Present per Pound Pound ~ Pound : 

NaPOs Cryolite Calcium Calcium Calcium i 

Tee fies: ERY rae —1.32 j 

ae 1.76 2.0 Pe fs —2.00 : 

A, Sipe pest 0.32 0.32 3 

esp 1.76 2.00 2.00 


When no calcium is present, 1 lb. NaPOs neutralizes 0.39 lb. NaOH. 
When no calcium is present, 1 lb. eryolite neutralizes 0.57 Ib. NaOH. 


advantages of the present materials. Thus it is highly probable that 
an organic chemical could be produced which would be effective in 
preventing scale at much higher steam pressures than those now in ~ 
use. With a definite compound available, and a clear explanation of 
its action, the present resistance of the power plant executives to the 
utilization of organic compounds would be entirely overcome. It was 
with these ideas in mind that this research was started. 


8. Composition of Organic Materials Used in Industrial Work.— 
Various types of organic materials have been used in boiler water 
treatment. The so-called tannin extracts appear to predominate; other 
plant extracts such as starches, gels, etc. are also used to a large 
extent. To make a thorough study of all the compounds now in use 
would be prohibitive. Consequently, the present research has been | 
confined to the plant extracts commonly referred to as tannins. A®™ 
small amount of work has been started on the starches and other 
materials. 

Tannin extracts obtained from different sources show very dif- 
ferent properties which are apparently due to the foreign matter ex- 
tracted with the tannin, as well as to the fact that different types of 
tannins are extracted. The tannins may be roughly classified under 
two headings, namely, gallotannin and phlobatannin, the structure 
of the gallotannin being as follows: 


- Pentagallogalloylglucose 


~The structure of a typical phlobatannin is as follows: 


HO 6 ie fom 
De 
| ie pao 
= : | CH» 
oe 
| C—O 
OH | 
OH 
kL Con 
2 OS 
ie 
: Lea ae og 
HO O OH 


bis- (5:7:3':4'-tetrahydroxy) flavpinacol 
With such a difference in structure these two tannins might be ex- 
pected to behave differently, and experience justifies this expectation. 
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There are also present various amounts of catechin, ellagic acid and 
other compounds. The structures of these compounds are as follows: 


Ellagic acid formula Catechin formula 
O O OH 
HO = < 
HO_/0—Cy ry CH >On 
HO—<_>——_D—OH ’ 
‘C—O’ ‘OH /CHOH | 
tl OH CH: = 
b ! 
An older system of classification of tannins is as follows: : 
‘ 
LFyrogatiol Tavarr7s W-fyrocatectio! Tarvir7s F 


Pyrogallol Catechol (Fyrocatechol) 
HO HO 


ae Of7 
S . 
Zo > 


Soin Soaiar 
Gallate PY POCA ECIIUATEC 
HO HO 
HO OH OY = 
COONG COONA 
Ww 
Deep blue color. Excess eee Greer color 


reagent gives green color 


f 


All tannins are precipitated by lead acetate, but if the solution 
is first made approximately normal to acetic acid, the pyrogallol tan- 
nins only are precipitated by the addition of lead acetate, the catechol 
tannins remaining in solution. On the other hand, the catechol tan- 
nins are precipitated by the addition of an excess of bromine water, 
while the pyrogallol tannins remain in solution. 
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Tannin Derivatives 


Gallic acid: 


HO HO, 
HO CO.xH ————>HO—~<_)+ CO, 
HO’ 419 deg. F HO 


It crystallizes with one molecule of water. This is given off at 
212-248 deg. F. It does not have a definite melting point. 


Pyrocatechuic acid: 


HO, ONH, HOy 


OH~< _)+ 0= —_>HO—~<__)>—CO.NH; + NH,OH 
ONH, 284 deg. F. oye oe 


Acid 
HO distill HOY 
CO, + HO: <— HO—~<__>—CO.H 


Ferric chloride imparts to an aqueous solution of pyrocatechuic 
acid a bluish green color. The blue changes to red on the addition of 
alkalies. 


Digallie acid: 


Ss 
HO, HO—~<_>—CO.H 
HO< )>—C—OY 
HO” l 


It was Schiff’s idea that tannin and digallic acid are the same. 
This was later disproved. 


The gelatin-salt test for tannin: 


To the tannin solution add one drop of salt-gelatin solution; a 
precipitate or turbidity indicates the presence of tannin. 

The optimum pH value for this test is 3.5 to 4.5. 

The gelatin-salt solution is prepared by adding 10 grams of gela- 
tin to 100 grams of salt and diluting with water to a volume of one 
liter. 

All tannins are active reducing agents. They reduce Fehling’s 
solution and absorb oxygen from the air, the reaction taking place 
rapidly in an alkaline solution, forming colored oxidation products. 
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Gallic Acid 

On hydrolysis tannins and related substances give gallic acid as 
the chief product. A small amount of glucose or other sugars, de- 
pending on the source of the tannin, is also produced by hydrolysis 
of tannin. This fact was definitely established by Emil Fischer. Since 
tannic acid is known to be a desirable constituent of materials used 
for the prevention or reduction of boiler scale, it is proposed to study 
the effect of gallic acid (which is derived from tannin) and its 
derivatives. 

Gallic Acid and Some Derivatives 

The formulas for gallic acid and some of its derivatives are as 

follows: 


HO. CH,Ox 
HO—<_)—CO,H CH;,O—~<__>CO.H 
HO’ CH,O” 
Gallic Acid Trimethylgallic Acid 
HO. Br HO, (CH;)2CHO\ 
HO—<_ >—CO.H HO—<_>—CO0.C:Hs (CH;),CHO—<__>—CO,H 
HOY Br HO (CH;)2CHO* 
Dibromogallic Acid Ethylgallate Tri-isopropylgallic Acid 


9. Laboratory Tests of Various Organic Materials — 

(A) Tests on Calcium Sulphate and Calcium Carbonate at 212 deg. F. 
(1) Scale Tests 

In order to obtain a measure of the effectiveness of the organic 
materials in preventing scale at 212 deg. F., tests were run in the 
apparatus shown in Figure 11. The solutions to be tested were fed at 
a constant rate into the flask. The steam pressure was 5 lb. per sq. in. 
and the steam in going through the steel pipe heated the solution to 
boiling. A constant level was maintained by means of the overflow, 
and the solution did not concentrate from evaporation due to the 
action of the reflux condenser. Two types of solutions were used, one 
saturated with calcium sulphate at room temperature, and the other 
saturated with calcium carbonate at room temperature. The duration 
of the tests was about 4 hours. 

The first tests were run using the saturated calcium sulphate 
solution. At the end of four hours the tube was covered with a heavy 
white crystalline scale, as shown in Fig. 12. This scale had formed 
slowly but consistently during the entire test. When 30 p.p.m. of cutch 
(No. 1) was added to the solution of calcium sulphate prior to feed- 
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Fic. 11. Apparatus Usep ror ScALE PREVENTION TESTS 


ing to the flask, the solution darkened in the boiling flask and a very 
small amount of scale formed. Since gallic acid 


HO. 
HO—<_ >—CO.H 

HO? 
is one of the possible compounds formed by the decomposition of 
tannin, it was thought advisable to run a test with this pure organic 
compound. Again 30 p.p.m. were used, and at the end of the test the 
tube was darkened and covered with a thick black deposit, but no 
appreciable scale was formed. Since this solution might be acid and 
cause some attack on the tube, the prevention of calcium sulphate 
scale might be attributed to this action. In order to see if this were 


64 ILLINOIS ENGINEERING EXPERIMENT STATION 


the case, fine crystals of calcite (CaCO;) were added to the boiling 
solution in the flask. The calcite kept the pH value of the solution 
above 8 at all times, and thus prevented any acid attack on the tube. 
However, the scale did not form, and the tube was still blackened. ; 
In order to determine whether this scale prevention property was 

due to the OH or the CO.H attached to the benzene ring, trimethyl- 
gallic acid 

CH;0\ 


CH,0O—<_>—CO.H 


CH;07 


was tested. The tests resulted in a heavy scale forming on the tube, 
and demonstrated that it was apparently the hydroxyl ion distribu- 
tion on the ring which was helping to prevent scale. If this were the 
case, and the acid radical were eliminated, the compound would be 
pyrogallol 


which should be effective in preventing scale. Tests run using pyro- 
gallol gave a scale-free tube without the blackening (Fig. 13). In 
order to decide whether the prevention of scale was due to the anti- 
oxidant property of pyrogallol, or merely to the presence of the 
hydroxy groups in the benzene nucleus a series of two types of com- 
pounds was tried: 
(a) substituted hydroxy benzene derivatives having various struc- 
tural configurations; b 
(b) organic compounds having anti-oxidant properties but con- 
taining no hydroxy groups. 
The first substituted hydroxy benzene derivatives tested constituted 
the trihydroxy type with the hydroxy group in various positions on 
the benzene nucleus. Phloroglucinol 


‘ 


gave a medium scale. The dihydroxy compounds tested were catechol 


HO, 


HOSKGE 


hydroquinone 
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(both giving very slight scale), and resorcinol 


/OH 
HO? 
(giving a medium to heavy scale). The monohydroxy derivative 
tested was metacresol 
_/OH 
CHr-<_> 


and a heavy scale resulted. 


These results indicated that in the dihydroxy benzene derivatives 
more beneficial results are obtained when the OH groups are ortho 
or para to each other than when they are situated meta to each other. 

Anti-oxidants were then tried in order to see if this property was 
necessary to have scale prevention. The following anti-oxidants were 3 
tested: 

HN. /NH2 
o—phenylenediamine < > 
p—phenylenediamine HNC >NH2 
p—methylaminophenolsulphate HO—< >NHCH; - H:S0, 
p—aminophenohydrochloride or rodinol HO—<_>—NH: - HCl 


H.Nv_ 
amidol HO—_ >—NH,- HCl 


None of these possessed scale inhibiting properties, which indi- 
cated clearly that the trihydroxyl benzene derivatives were best for 
scale prevention. These types of compounds are readily oxidized, and 
it was thought that the oxidation products might be preventing the ~ 
scale. 

Pyrogallol, when oxidized in alkaline solution, might act as 
follows: 


OH, ~OH (0) HQ,_~OHHO,_~OH (0) HO. ,OH HO, 70H, 
2  < >—-OH-> HO< OH—-> O=<_ < >=0_ 


(0) HO. /OH HO, , OH HO. ,OH 
> O=<_ =p < )>=0 


Since investigators have found that all of these compounds may exist 
in an alkaline solution of pyrogallol, a method of preventing this 
oxidation and linkage would indicate whether the beneficial results 
were due to pyrogallol itself, to its oxidation products, or to a mixture 
of the two. 
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Dibromopyrogallol (the exact location of the Br is not known) 
has been synthesized. 


H mes = b l PBrs HO. 
O— in benzene solution + ( : \—> HO - 2Br 
HO? Liq. Bre fee. r 


This compound, when dissolved in water, becomes a beautiful clear 
pink, changing through yellow brown to dark brown, and then to 
black, indicating that some sort of oxidation is probably taking place. 
In the testing unit the dibromopyrogallol prevented the formation of 
all but a very slight deposit of scale from a saturated calcium sulphate 
solution. Since the compound in solution did undergo the color change 
mentioned, there was no conclusive proof that either the pyrogallol 
or the linked product is solely responsible for the scale-inhibiting 
properties. 

The preparation of nitropyrogallol was attempted by passing 
nitrous acid through an ether solution of pyrogallol. This method did 
not give the desired product, so the nitration of trimethylgallic acid 
in glacial acetic acid solution was tried. 


CH;0. Glacial CH,O. /NO, 
CH;,0O—<_>—CO.H + HNO; ——> CH;0-—<_ 

CH;0” HAc CH;0” 

CH;0,_ NO, HO, /NO, 
G02 Ber 0 

CH,0” HO/ 


Methyl groups are split off by refluxing with HBr 
The difficulties encountered in this preparation were numerous, a few 
of them being given in the following. 

A trial at 32 deg. F. resulted in no nitration at all, while at fairly 
high temperatures the di-nitro compound was formed. Some measure 
of success was obtained by using a nitration temperature of from 77 
to 86 deg. F. 

The trimethoxymononitro compound was not difficult to obtain 
pure enough to check the literature melting point of 212 deg. F. The 
final product obtained in each case did not check the literature melt- 
ing point of 323 deg. F. given for nitropyrogallol, and all attempts to 
prepare a compound which would check this figure were fruitless. 
After several attempts, a product melting over a range from 356 to 
370 deg. F. was prepared. None of the melting points given in Richter 
for the possible compounds gave even an indication as to what had 
been synthesized. This, together with the fact that the literature 
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references were quite old, encouraged the assumption that the product 
was mononitropyrogallol. 

Trimethylpyrogallol was prepared according to the following 
equation: 


HO CH;0\ Glacial H;0, /NO2 
2 HO + 3(CH;).S80,—>- CH,O—2> + HNO; ——> picid 
HO’ CH;0% HAc  CH,07 


The nitrating and splitting of this ether has not as yet been carried 
out. 

In the testing unit the 356-370 deg. F. material (50 p.p.m.) gave a 
light to medium scale. When run in an alkaline solution, almost no 
scale at all was formed, but a very distinct color change from yellow 
to a deep persistent red took place upon addition of the alkali. This 
red color remained unchanged after five days exposure to the air. The 
brownish-black color observed in alkaline solutions of pyrogallol 
changed to clear yellow after several hours. The red color changed 
back to yellow at once upon addition of acid in excess of alkali 
present. Hydrogen peroxide oxidized the compound in alkaline so- 
lution to a clear yellow in about 4 hours. 

Another mode of attacking this problem would be the prepara- 
tion, isolation, and trial of one or more of the oxidation products of 
pyrogallol. Oxidation of pyrogallol in barium hydroxide solution 
should yield hexahydroxydipheny] 


HO. /OH HO, _/OH 
HO~X< _ <_)>—OH 


but after numerous attempts and modifications of procedure no 
product was obtained. Oxidation of pyrogallol in potassium hy- 
droxide solution and extraction of the oxidized product with ether 
should give 2:3:2':3':2”:3”-hexahydroxytriphenoquinone. This method 
was also unsuccessful, since on each occasion the first ether extraction 
failed to give any of the desired product. 


Pyrogallol 

Pyrogallol itself was found to be quite effective in scale prevention 
at concentrations as low as 5 p.p.m., 10 p.p.m. giving better results, 
however. Various tests have been run to determine the tendency of 
pyrogallol to oxidize in alkaline solutions. Tests using boiled distilled 
water with pyrogallol at 100 parts per million were found to give a 
negative test for pyrogallol after 45 minutes. This indicates that the 
pyrogallol is rapidly oxidized in alkaline solution and probably does 
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not exist very long in the testing unit as pyrogallol itself, but as its 
oxidation products. 

A compound of iron and gallic acid was prepared by mixing gallic 
acid and ferrous sulphate together dry and adding sodium hydroxide. 
Iron-pyrogallol compound was prepared in a similar manner. 

Flasks were prepared containing equivalent concentrations of iron- 
gallic acid compound, iron-pyrogallol compound, pyrogallol and iron 
filings, and pyrogallol alone. One set of these flasks was oxidized by 
bubbling CO,-free air through them for 16 hours. Another set was 
oxidized by adding hydrogen peroxide. The set oxidized by air showed 
excellent scale-inhibiting properties when run in the testing unit. Of 
the ones oxidized with hydrogen peroxide, the pyrogallol and gallic 
acid compounds of iron showed heavy scaling in the unit, while the 
pyrogallol plus iron filings and the pyrogallol alone showed only 
slight scaling on the tube. These results strengthen the assumption 
that the oxidized products of pyrogallol are responsible for the scale- 
inhibiting properties. The strenuous oxidation with hydrogen peroxide 
renders pyrogallol ineffective if continued too long, however. 


Starch 

The hydrolysis of tannin produces, in addition to gallic acid, some 
glucose or other sugars, depending upon the source of the tannin. 
Sucrose, starch (soluble and insoluble), and maltose were all found 
to be ineffective in preventing scale formation, however. Addition 
compounds of starch and sodium hydroxide and sodium carbonate 
were prepared by dissolving the starch in the soda solution and 
erystallizing the addition product from absolute alcohol. These ad- 
dition products proved to be ineffective in scale prevention, although 
somewhat better than starch alone. Similar compounds of glucose and 
maltose were made, but were much less easily crystallized from 
alcohol, ice being necessary, and the products as finally obtained were 
too gummy to permit easy handling. An addition product of starch 
and gallic acid was also prepared, and when tested in the unit it 
prevented all but a slight scaling of the tube. 

A compound of hexohexosan was prepared by heating 10 grams 
of starch in 100 grams of glycerol to 401 deg. F. until iodine gave a 
red color, then crystallizing from absolute alcohol. Trihexosan was 
made by heating as above until no color was obtained with iodine. 
The glycerine was distilled off under high vacuum, and the decolor- 
ized water solution of the residue crystallized from alcohol. Both. 
compounds resulted in heavy scaling in the testing unit. 
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Bomb Tests 

In order to study the effect of the decomposition, which might 
occur at the higher temperatures encountered in actual operation, on 
the organic compounds, tests were run in which solutions were first 
heated in sealed bombs at 360 and 540 deg. F. for 40 hours, cooled, 
removed from the bombs, and then tested in the regular testing ap- 
paratus. Such tests were made on pyrogallol, cutch, and starch. The 
bomb tests were run at three concentrations so as to make 1.25, 6.25 
~ and 31.2 p.p.m. of the organic material being tested. All were made 
alkaline with 12.5 p.p.m. of sodium hydroxide. 

The lowest concentration (1.25 p.p.m.) resulted in the greatest 
scale deposition, the medium concentration (6.25 p.p.m.) in a medium 
amount, and the highest (31.2 p.p.m.) in the least amount of scale 
in all cases for pyrogallol and cutch. Samples from bombs run at 540 
deg. F. showed a medium scale deposit in the testing unit for the 
highest concentration of cutch and pyrogallol, while those at 360 
deg. F. showed only a slight scale formation. 

Sodium sulphite added to the bomb tests was quite effective in 
preventing or delaying the complete oxidation of the pyrogallol and 
cutch at 360 deg. F., as was indicated by the results obtained in the 
testing unit. At 540 deg. F. the sodium sulphite was less effective, 
however. 

Starch was also run in the-bomb tests under the same conditions 
as given for pyrogallol and cutch. When run in the testing unit at 25 
p-p.m. sodium hydroxide and 125 p.p.m. starch, a slight scaling re- 
sulted. Temperature had no effect. It is interesting to observe that 
both sodium hydroxide and starch separately have been found quite © 
ineffective, and that the prepared addition compound of sodium hy- 
droxide and starch was not effective. 
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Miscellaneous 
Sodium alginate, a colloidal vegetable pentosan, was tried and 
found to prevent all except a slight scaling of the tube. 1:2:3 
triacetoxybenzene has been prepared. 
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The effeet of covering the OH groups of pyrogallol was expected to 
be shown. It was supposed also that the addition of the CH.C = O 
group might have a tendency to decrease the rate of oxidation. This 
compound changed from colorless to a light greenish brown upon 
being made alkaline, and a medium to small amount of erey scale 
resulted. 

A mixture of 20 p.p.m. each of sodium carbonate, starch, and 
pyrogallol gave a tube almost free of scale except for small traces. 
Substituting glucose and then maltose for the starch, a very slight 
scaling was obtained. However, by using pyrogallol and sodium 
carbonate alone, and omitting the starch, it was found that practically 
all of the beneficial results were due to the alkaline pyrogallol 
solution. 

No definite conclusions may be drawn at this stage, since the work 
on the oxidation of pyrogallol has not been entirely successful thus 
far. However, it is known that pyrogallol, after a certain length of 
time, does completely oxidize and break down so as to become in- 
effective in scale prevention. Higher temperatures favor this break- 
down. The same is true of cutch. Bomb tests indicate clearly that 
the beneficial results of pyrogallol are due largely to its intermedi- 
ate oxidation products in alkaline solution. 

The materials which proved to be effective in preventing calcium 
sulphate scale were tested and found to also prevent calcium carbon- 
ate scale. 

(2) Effect of Organic Matter on Precipitation of 
Calcium Carbonate at 212 deg. F. 

Tests were run in order to study the effect of various organic ma- 
terials on the precipitation of calcium carbonate from a bicarbonate 
solution on boiling, and the amount of calcium remaining in solution 
after boiling. 

In order to study the effect of various organic materials on the 
solubility of calcium with respect to the time of boiling, the following 
type of procedure was followed: 

A set of four samples to each set of organic material was weighed 
out into 500 cc. Erlenmeyer flasks (in duplicate for checks) to con- 
tain 20, 40, 80 and 160 p.p.m. of organic material when 250 ce. of 
University of Illinois tap water, the analysis of which is given in 
Table 59, were added to them. These samples were all refluxed for 
15 minutes, clocking only the actual time of refluxing from the start 
of boiling. All samples were treated exactly alike in that only one 
person was allowed to start, time, and take off each test. After re- 
fluxing for 15 minutes, the samples were removed and filtered through 
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TABLE 60 a. 
AcTIon oF PyroGALLOL ON University or ILLINOIS WATER 


, 2 Composition After Boiling, p.p.m. bs, : 
a Pyrogallol Minutes i eee 
oe. DastNo- "Added Boiled r 
p.p.m. Silica Calcium Magnesium : 
. “yy 
20 15 21.9 26.0 25.3 
: 40 15 24.6 34.0 ae 
80 15 22.1 47.2 Sie, 
160 15 Pails) 58.6 29.3 
. a 20 30 15.0 Pee 24.7 
aes 40 30 23.9 26.0 23.5 
| 80 30 23.8 35.1 28.8 
: 160 30 24.3 49.3 26.1 
: 20 60 17.8 ieecig 17.5 
| 40 60 21.0 18.9 15.6 
80 60 23.8 28.9 20.9 
160 60 TE 42.9 23.0 
20 120 19.9 12.8 8.5 
40 120 25.7 8.8 vi 
80 120 20.2 16.2 7.2 
. 160 120 24.0 21.3 re 
; 
TABLE 61 
Action or Tannic Acip on Universiry or Inutrnois WATER ‘— 
| 
Tennis Asia : Composition After Boiling, p.p.m. 
Test No. Added Minutes _— 
p.p.m. Boiled e A : 
Silica Calcium Magnesium 
OOeiarretenevayrisielaiava se 20 15 27.3 B15 26.3. 4 
38 40 15 25.6 35.3 25.0 
Solos Sando tke Mee 80 15 24.6 46.5 22.9 
UV guodgerenaoond 160 15 19.8 52.9 19.5 4 
Some 20 30 18.5 19.3 24.8 4 
BONE. 40 30 20.7 19.9 23.8 ‘ 
ais aaa oRcig s Onkwe 80 30 19.0 29.6 32.0 . 
ae AD eon seve ees 160 30 22.0 40.7 16.7 
r 
BOE Re ee 35 20 60 22.9 14.1 17.0 y 
Akh oor O cee oOo 40 60 24.1 17.5 19.5 ; 
2) 85 oecaReeo aa eee 80 60 26.6 19.1 16.7 ; 
TON «so ee 160 60 27.0 25.8 14.7 = 
ny ae ee 20 120 12.4 10.6 9.1 F 
ELT eee ae te ee! 40 120 12.4 127 10.4 
Reni i OOO 80 120 13.0 15.6 11.4 
eu Gado Dm oD Os eae 160 120 99.5 19.0 Ong 
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AcTION oF CuEstNuT Extract on UNIVERSITY or Inuinois WaTER 
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Chestnut Composition After Boiling, p.p.m. 
Test No. Extract Minutes 
Added Boiled 
p.p.m. Silica Calcium Magnesium 
ee eves 20 15 POSS 19.5 
5 : f 25.5 
Depa cranes « 5 us = 40 15 20.5 26.3 28.3 
vA ORS Ore eae 80 15 26.9 53.1 28.3 
2b). ERS eer 160 7 15 26.1 60.7 31.0 
BOsainsateia cm ees s6% 20 30 17-3 26.0 23.0 
Chis Sane an ae ae 40 30 21.4 18.7 Di 
Cee Sete e arr we n¥o.s 80 30 22.8 28.7 23.9 
Peace casi craters eee «i's 160 30 25.5 26.5 21.0 
GME te 55 wists o.aie 6 20 60 19.2 15.6 eo 
ei eiohsi SiNravere & ars 40 60 16.1 11.0 14.9 
ee ireteeicie Siete! s iene 80 60 16.0 16.8 19.0 
BONS eta eielasa foe oie she 160 60 20.3 21.9 19.4 
Sb lieipierets eis, <3) oe eas 20 120 15.2 yi had 6.2, 
ET eieteie, ot ceteris 40 120 29.0 8.3 ies 
Payee ae aes ints i's e's 80 120 211 U2 12.4 
MPM Lele wis''s ws ois 160 120 19.0 14.4 9.4 
TABLE 63 
Action oF Cutcu No. 1 on University or Inuinois WATER 
| Composition After Boiling, p.p.m. 
Test No. Cutch Added Minutes 
p.p.m. Boiled 
Silica Calcium Magnesium 
Se Be raere a ees 20 15 22.5 20.0 25.9 
OE Saari sare aes 40 15 21.6 53.0 28.2 
oe ee 80 15 27.9 57.8 26.9 
Bee een Sea eveyone wisi se 160 15 26.9 55.3 Bi 
OE iela aiel's ess Syea0 20 30 17.9 ad 24.9 
ARES aes DRIER ee eet 40 30 29.3 19.0 25.4 
SPER ois e Mie ail» 80 30 30.3 24.4 22.8 
Pde alake! sie ce 3 e.0.€ 160 30 36.8 21.3 19.4 
eiOiaieeiaels ais wus ns. 20 60 10.2 Feet 17.9 
PA Mer cp veal etstendront'-0i a.’ 40 60 24.9 9.6 15.1 
St ect Sovak ainicvats oi 80 60 28.4 13.0 14.8 
ee et sieictelens, «°saets 160 60 26.4 15.4 12.8 
Oitsec Sooe ee eee 20 120 PTET 8.5 5.6 
DO ete tepase rae areta) irs.atiaus 40 120 30). 1 7.4 3.7 
720: Olena SOUS Re 80 120 36.3 1Oe4 7.8 
Poe oto. bo COR 160 120 oL.O 11.0 6.5 


suction filters as quickly as possible, and then cooled. Two hundred-ce. 
samples were then taken and analyzed. The same procedure was 
carried out for periods of 30 minutes, 60 minutes, and 120 minutes on 


all samples. 


The tests as described were carried out using pyrogallol, tannic 
acid, chestnut extract, cutch, gelatin, and starch. The results of these 
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tests are shown in Table 60. It may be seen from the table that the 
following inferences may be stated: 

(1) The greater the concentration of pyrogallol, the more soluble 
the calcium. This is true in the case of every point except one (40 
p.p.m. at 120 minutes). 

(2) The greater the time of refluxing, the less the effect of the 
higher concentrations of pyrogallol: that is, if boiling or refluxing is 
to take place for a greater length of time than two hours, lower con- 
centrations of pyrogallol are more effective. 


Tannic Acid ; 

The results of these analyses are shown in Table 61. The relative 
effectiveness for the relation of parts per million of tannic acid, time, 
and the solubility of caletum may be seen clearly. 

(1) The greater the concentration of tannic acid, the more soluble 
the calcium. 1 

(2) It appears that even over a longer period of time the higher 
concentrations of tannic acid might be justified as being more — 
effective. 


. 
: 
: 
. 
; 


Chestnut Extract . 

The results for chestnut extract are given in Table 62, which shows 
the following: 

(1) The lower concentrations (20 p.p.m. and 40 p.p.m.) do not 
hold caleium in solution very well, even after a short period of boiling. 

(2) The higher concentrations (80 and 160 p.p.m.) hold caleium 
in solution very well, but for only a short length of time. 

(3) For long periods of boiling or refluxing (1 hour or more), the « 
lower concentrations of chestnut are probably just as effective as 
the higher concentrations, with the 160 p.p.m. having a. slight 
advantage. 

Cutch No. 1 

Table 63, which represents the analysis of samples treated with 
cutch No. 1, appears to be conclusive in itself in that it shows the 
following: 

(1) When a greater concentration than 20 p.p.m. of cutch No. 1 
is used, this cutch will maintain the solubility of calcium for a short 
period of time. The large drop in the soluble calcium. between 15 
minutes and 30 minutes of refluxing makes this very apparent. 

(2) Cutch No. 1 will not maintain the solubility of caleium for any 
length of time. 


(3) The lower concentrations of cutch No. 1 are just as effective 


TABLE 64 
Action or Curcu No. 2 on University or Inuivois WaTER 


Composition After Boiling, p.p.m. 


Test No. Cutch Added Minutes . 
P.p.m. Boiled 4 a 
Silica Calcium Magnesium 7 
[Biscsndaeeseeeeeae 20 15 BBV 34.5 yy ; 
"Bieta ae ea 40 15 23.9 37.8 25.2 : 
(econ eee 80 15 25.4 60.4 30.3 
Tinga ee 160 + 15 28.3 62.9 San 
‘UE ae a eo oe 20 30 24.7 19.6 27.5 
Ul Gea ee 40 30 23.4 28.0 26.0 
(CESS eee 80 30 29.7 31.2 25.9 
Hilae sae ee 160 30 22.5 27.9 arte 
1 ARBOR Ane eee 30 60 9.4 7.8 14.5 
US ecco eee eee 40 60 13.5 6.7 13.8 
Oe Sainte 3 80 60 24.9 9.7 1297) 
Ui Sodas 160 60 29.3 12.5 ae 
BBDeeerre: ve cischas. 20 120 24.9 Sint 46.4 
UO accc COS ee 40 120 19.9 3.9 40.1 
OR we clasinisn« 80 120 26.4 6.7 50.8 
7s GoGo en 160 120 31.4 11.4 Ries 
TABLE 65 
AcTION OF GELATIN ON UNIVERSITY OF ILLINOIS WATER 
Gelatin : Composition After Boiling, p.p.m. 
: Test No. Added Minutes 
! p.p.m. Boiled a : i 
, Silica Calcium Magnesium 
: " 
20 15 18.1 21.9 24.8 
40 15 17.9 18.8 23.6 
80 15 19.1 17.5 22.9 
20 30 18.6 7.6 19.3 
40 30 20.1 7.5 23.5 
80 30 18.9 8.3 22.4 
OsteacSoeanetoee 20 60 18.8 8.9 16.4 
OM a iors B vaiacs« 40 60 16.5 8.3 14.7 
7a OG pee ee 80 60 14.3 6.7 12.0 
Dates Ree 20 120 14.1 6.3 4.6 
OM A Se 40 120 13.9 6.1 a 
Piscs8 ee 80 120 1288 6.1 6.6 


as the higher concentrations for maintaining the solubility of the 


ealeium. 
Cutch No, 2 


The results of the tests run on cutch No. 2 are shown in Table 64, 


and may be summarized as follows: 
(1) Cutch No. 2, when used in concentrations of greater than 80 


p.p.m., is very effective in maintaining the solubility of calcium for a 
short period of time. 
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TABLE 66 
Action or SoLuBLE SrarcH on UNIversITY OF ILLINoIs WATER 
—— 
. 
Composition After Boiling, p.p.m. 3 
Starch arr 
Test No. Added Baile Be 3 
_p.m. oiled ae k - 
pe Silica Calcium Magnesium 
Oi aictkratetnrenstssstavecd 20 15 20.5 18.3 53.6 F 
UD tee crane ep aa hoe as 40 15 19.4 13.8 50.0 ‘ 
NBD Ipe a4. aos frum DRIES 80 15 20.6 13.4 54.4 
GOR etee saemels sas 20 60 19.0 4.9 34.3 
BG versus .ateletuinrsiore 40 60 12.9 3.2 31.0 
66.. 80 60 11.5 3.0 30.1 
. 
TABLE 67 
Errect oF VARIOUS ORGANIC MATERIALS ON CALCIUM SOLUBILITY IN 
University oF ILLINOIS WATER : 
Residual Calcium in p.p.m. 
Material Minutes 
Added poles 20 p.p.m 40 p.p.m. 80 p.p.m. 160 p.p.m 
Organic Organic Organic Organic 
IGutoh Nos Bek. acs <i essai oee 15 34.5 7.8 60.4 62.9 
Pyrowallolls cote ge ateyae oie w.cn sks 15 26.0 34.0 47.2 58.6 
Gutehi Nov dactuean sae 15 20.0 53.0 57.8 55.3 
Chestnut Extract......... 15 19.5 26.3 53.1 28.3 
Tannic/Acid! ste. canmantiarar 15 31.5 35.3 46.5 52.9 
GADOLN es .ccatel cree cieveiecsi ene eines 15 18.3 13.8 13.4 Pater’ 
Gelating is aw se-acl qarseetcenne 15 21.9 18.8 17.5 
Guteh Now2 incu westiseetes 30 19.6 28.0 31.2 27.2 
Ryrorallol ca.e cic otveanyn > 30 21.2 26.0 35.1 49.3 
Wutch No. U4 sea uscnoes > 30 15.7 19.0 24.4 21.3 
Chestnut Extract............ 30 26.0 18.7 28.7 26.5 
pCanniccACid ., nameeeerns tee 30 19.3 19.9 29.6 40.7 
MUATCHien is, etcgeen ste oc sees eae 30 ee ne ea hep Bras 3 
Chelatinie. ctsumcusieres wien h eetae 30 7.6 7.5 8.3 
Cultehr NOD is ges cant atemtoat 60 7.5 Gu 9.7 12.5 
(evromallolo cess merir cine 60 ib ae 18.9 28.9 42.9 
Cutch No. 1.... 60 7.8 9.6 13.0 15.4 
Chestnut Extract. 60 15.6 11.0 16.8 21.9 
annie Acid js.cn tis sen tatente 60 14.1 Lipo: 19.1 25.8 
BOYCE IC. aes cata eee 60 4.9 3.2 3.0 ane 
Rela tinea tc stn tee teee 60 8.9 8.3 er if 
MOULDED BIN Os: 2: care acersnteroie tee aiiene 120 5.1 3.9 6.7 11.4 
PV LOLAMOL chs. ce uote oe 120 12.3 8.8 16.2 21.3 
COUCH AN Ore Li c.s car oe 120 8.5 7.4 105% 11.0 
Chestnut Extract............ 120 a ef 8.3 ity Ee 14.4 
PU ADMIC ACI... cece ehlcctels = 120 10.6 12.7 15.6 19.0 
Starch PIVEN are Xa Saui'siehntoreethatelae 120 Ba ea ede RAS: 2 ee 
MGORa iL Ig ae Wisse ore elena cts che sees 120 6.3 (ojo (pal 
SPAMMICPAGIO 4.6 5 ate) acm oa.s aula 16 hrs 10.4 Z 11.4 
Py orwalloliiycssinaelte os ude 16 hrs 10.2 . 12.9 
Chestnut Extract... 16 hrs 8.4 . Wie 


(2) Lower concentrations (20 p.p.m. to 40 p.p.m.) are not very 
effective in maintaining the solubility of calcium even for short 


periods of time. 
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(3) For a long period of time (2 hours), the higher the concen- ~ 
tration of cutch No. 2, the greater the maintenance of the calcium 
solubility. Here the 160 p.p.m. is decidedly the most effective. 


Gelatin 

Not much need be said regarding the data obtained for the effects 
of gelatin, as shown in Table 65, except: 

(1) Gelatin does not maintain the solubility of calcium for any 
length of time, or at any of the concentrations used. 


Starch 
Table 66 shows the results of the data obtained on starch. What 
is said for gelatin may also be said for starch. For this reason, the 
starch runs were cut short after two runs. 


Summary of Solubility Tests on University of Illinois Tap Water 
Tables 59 to 66 show the relationships between the various con- 
centrations of each individual organic substance, the time of boiling, 
and the solubility of the calcium. Table 67 contains a combined 
summary of the foregoing individual studies. 
It appears that the best general summary of the information con- 
tained in Table 67 may be tabulated as follows: 


a Concentration 
General Ability to 
ee oly oO Ma F rh 
p-p-m. p-p-m. p-p.m. p.p.m. 
IEStrees fe ahs toe Pyrogallol Pyrogallol Pyrogallol Pyrogallol 
SECON set ios «0c es Chestnut Tannic Acid | Tannic Acid | Tannic Acid 
Extract 
Mintiye |; 8 ea aeons Tannic Acid | Chestnut Chestnut Chestnut 
Extract Extract Extract 
LENG IUTE A ee oan OOS Cutch No. 1 | Cutch No. 1 | Cutch No. 1 | Cutch No. 2 
TROT EALODS aca te ae Cutch No. 2 | Cutch No. 2 | Cutch No. 2 | Cutch No. 1 
SSK GLU eet et a's Gelatin Gelatin Gelatin Gelatin 
S@ranul tibet ao creneen Starch Starch Starch Starch 


This summary may be used to express the general relationship of 
the compounds used, but it does not tell the whole story. It should 
be qualified by the following statements wherever it is referred to. 


Concentration 20 Parts Per Million 

(1) Pyrogallol, chestnut extract, and tannic acid are practically 

equally effective in maintaining the solubility of calcium, with a 
slightly greater effectiveness in the case of pyrogallol with time. 
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(2) Neither cutch No. 1 nor cutch No. 2 are very effective at this | 
concentration. However, cutch No. 2 is slightly better for shorter 
periods of time, while cutch No. 1 is more effective on the long runs. 

(3) Gelatin has little or no effect on the solubility of calcium. 


Concentration 40 Parts Per Million 

(1) At this concentration cutch No. 1 is most effective in main- 
taining the solubility of calcium for a short period of time. 

(2) Considering a long-time run, it appears that pyrogallol, chest- 
nut, and all the other materials except tannic acid have reached 
equilibrium conditions in two hours. 

(3) Tannic acid, however, appears to be more effective in main- 
taining the solubility of caleium for periods of time longer than two 
hours, its equilibrium being established sometime after two hours. 

(4) Gelatin has little or no effect on the solubility of calcium. 


Concentration 80 Parts Per Million 


(1) Both cuteches may be said to be the most effective in 
maintaining the solubility of calcium for a short time (less than 15 
minutes). 

(2) Pyrogallol exceeds all the other materials in maintaining the 
solubility of the calcium for periods of from 30 to 120 minutes, but 
the results do not seem to indicate that it would be most effective 
over runs of longer duration. In this respect the results would indi- 
cate that tannic acid had a decided advantage over pyrogallol for 
a time greater than two hours. 

(3) Gelatin has no effect on the solubility of calcium. 


Effect of Passing Air Free From Carbon Dioxide Into Samples 
During Refluxing with Pyrogallol 
It is known that pyrogallol, in the presence of dilute alkali, oxi- 
dizes into compounds reported to be of the following nature: 


HO. /OH HO, /OH f 


(1) HOX_ >» < >On 

HO, _/~OH HO,_/~OH 
2) 0 === _=0 

HO, _/OH HO, _/OH HO, _/OH 
3) 0 ane < S=0 


A test was run to determine whether or not the oxidation by ordi- 
nary bubbling of air free from carbon dioxide through the water at 
the time of refluxing would have any effect on the “holding up’ 
power of pyrogallol. The test was carried out exactly as all othe 
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TABLE 68 


Comparison oF ACTION OF PYROGALLOL IN PRESENCE OF AND IN ABSENCE 
or Arr ON UNIVERSITY oF ILLINOIS WATER 


Pyrogallol Residual Calcium, p.p.m. 
Test No. “Added Minutes 
p.p.m. Boiled 
Without Air With Air 
a EA eal ee S55 gig Fos S1Sia else 40 60 vinet 13.2 
SOU ie eee ee ~ 80 60 18.9 20.3 
Se ES 6 SG ee eee 160 60 28.9 24.0 


tests had been, except for the bubbling of air through the water during 
refluxing. The results of this test are compared with those of a test 
carried out without air oxidation in Table 68. 

It can be seen from Table 68 that, when pyrogallol is oxidized by 
air during the time of refluxing, there is a tendency for less calcium to 
be held in solution. In the case of the 40 parts per million and the 
160 parts per million runs, the actual difference in amount of calcium 
held in solution was about 5 parts per million (less) when air was 
passed in. In the case of the 80 parts per million test, no inference 
at all can be made, due to the fact that the accuracy of the analytical 
procedure is not greater than + 1 part per million. However, the 40 
and the 160 parts per million runs do show that oxidation of pyro- 
gallol does tend to decrease its property of holding calcium in solution. 
It is evident also from this (though enough evidence is not presented 
here) that it is either pyrogallol itself, or at least one of its first 
oxidation products, such as 


HO. OH HO. OH 
= 


HO—~<_» OH 


that tends to hold the calcium in solution, and that the more highly 
oxidized derivatives of pyrogallol should be less efficient in increasing 
the solubility of calcium. 


Ability of Pyrogallol to Maintain the Solubility of Calcium 

In order to determine whether or not the addition of pyrogallol 
to a sample of water which had refluxed a definite time would either 
increase the solubility of the calcium with further boiling, or at least 
maintain the solubility of the calcium at the same value as when the 
pyrogallol was added, the following test was made. 

Two samples of water were refluxed for 15 minutes, the time being 
checked as closely as possible to the half minute. At this point 40 
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parts per million of pyrogallol were added, the one sample being al-— 
lowed to reflux for 15 minutes longer, then filtered immediately and 

cooled, and the other being refluxed for 105 minutes longer, and then 

immediately cooled. The results of the analysis, as compared with — 
those from a blank and from a test where pyrogallol was added at 

the beginning of each run, are shown in Table 69. 

From the table it will be seen that the pyrogallol does not tend to 
increase the solubility of the calcium or to dissolve any calcium 
already precipitated by refluxing, but that it does tend to maintain the 
solubility of the calcium where it picks it up, so that after a 120- 
minute run the soluble calcium is approximately the same whether 
pyrogallol is added at the start or after 15 minutes of refluxing. 
Where no pyrogallol was added in 15 minutes of refluxing the soluble 
calcium dropped from 60.5 parts per million to 16.3 parts per million. 
When pyrogallol was added at this point, it tended to maintain the 
calcium in solution so that, at 120 minutes, the soluble calcium was 
9.5 parts per million, which is approximately equivalent to the amount 
present (8.8 p.p.m.) after 120 minutes when pyrogallol was added at 
the beginning of the run. 

After running the tests as shown in Tables 59 to 66, it was decided 
that the pH values of the different runs should be obtained in order 
to determine whether or not the organic matter was retarding the in- 
crease in pH value, and thus affecting the solubility of the calcium. 
It will be noted from Table 70 that there is a slight increase in the 
pH with time of refluxing, the increase being slightly greater when 
only 40 parts per million of organic matter was added. The fact that 
160 parts per million of organic matter gives less variation in pH 
value is naturally what would be expected from the nature of the 
structure of the constituents of these materials. Even in the case of 
the greatest variation in pH with refluxing in the presence of organic 
material, the change is less than the variation with refluxing in the 
absence of organic. matter. The total variations also are so small that 
it may be definitely stated that the organic matter is not affecting the 
solubility of the calcium by retarding the change in pH value. 


Effect of Various Concentrations of Organic Materials With Time 
on the Solubility of Calcium in Taylorville City Water 
The previous portion of this report deals with the relative effec- 
tiveness of various organic materials in maintaining the solubility of 
calcium in University of Illinois tap water. The following data deal 
with the same type of experimentation, using the same procedure, on 


- 
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TABLE 69 


EFFECTIVENESS OF PyroGgaLLoL IN Marnraininac Souusiniry or CALcrium IN 
: University or Inuinois WATER 


= “tie Pa a oe of Re- 
'yrogallo uxing Before uxing After - Resi 
Test No. ‘Added Addition of | Addition of | Total Time Gilet s 
p.p.m. Pyrogallol Pyrogallol min. p.p.m. 
min. min. 
jee ay \ 
aa -OGeot de ae , 60.5 
Oe IS OO als 15 16.3 
Cote A eee ee 9.1 
piaisiareiasciehe cs 3.9 : 
40 15 15 34.0 
40 30 30 26.0 
40 120 120 8.8 
40 15 15 30 11.8 
40 15 105 120 9.5 
TABLE 70 


Errect oF ADDITION OF ORGANIC COMPOUNDS AND TIME oF BortinG on PH VALUE 
or UNIVERSITY oF ILLINOIS WATER 


‘ Material H Val H 
: “ i p alue pH Value pH Value 
i Sees Maicaal Added After 15 min. After 60 min. After 120 min. 
et p.p.m, Refluxing Refluxing Refluxing 
BNone.... Jot One tie 8.9 9.6 9.8 
: Chestnut Pixtract............ 40 OED 9.5 9.6 
: 160 8.9 9.4 9.6 
DITOR Be oo fog ooie a'Us,«'si0s 40 9.1 9.3 9.6 
I 160 9.2 9.5 9.4 
Buropallolaem ernie sacra 2 = 40 9.3 9.5 9.3 
160 9.2 9.0 9.0 
TABLE 71 
Resutts or Borwrne TAyLorvitLte Crry WATER 
Composition After Boiling, p.p.m. 
Test No. Minutes Boiled 
Silica Calcium Magnesium 
BAO at a cteie. Fale) aise) e ts si'9,.0e 23.6 189.2 73.5 
RHO) Water erelis'aicce.esiare «sea ee 15 2706 95.1 66.4 
SO MM aeatcretereteiess ehste(siial ayers! « 60 23.5 67.6 66.6 
CLEA CICA OEE ODE eC Iaag 120 24.5 70.8 64.4 


Note: Total sulphate = 443 p.p.m. SO. 


TABLE 72 ‘ 
AcTION OF PYROGALLOL ON TAYLORVILLE Ciry WATER ~ 


’ 


Composition After Boiling, p.p.m. 


Pyrogallol 
Test No. Added 


Silica Calcium Magnesiu 


71.7 
70.5 — 
Tico 


s 
oe 


WMO Grd WOE 
~ 

Seas Ssea 

eosecnwn WON 


. TABLE 73 
; Action or Curcu No. 1 on TayLorvitLtE Ciry WaTrER 
Composition After Boiling, p.p.m. 
} Test No Cutch Added Minutes ae 
: p.p.m. Boiled , : 
Silica Calcium Magnesium 
hl eng wae Aces a 20 15 30.5 130.9 we 
(Ci ce oe ee es 40 15 28.8 149.5 Beh: 
. Glare aac. 80 15 27.5 149.0 van 
Ce een ae 160 15 20.3 145.0 .63.7 
(00) eh aie A eae ere 20 60 20.3 95.3 67.4 
(Speen Rel ae 40 60 18.8 107.4 63.9 
CQ pera cat 80 60 31.2 TS 61.0 
: GL cen har Sa 160 60 27.0 116.5 53.8 
OS ateerder ase 20 120 23.5 87.9 58.5 
CBee Seb ee 40 120 Dare 97.6 55.6) Sa 
Ciba ane a mere ke 80 120 22.8 105.8 5373 
(Oe Na tak ae 160 120 24.5 eae 44.2 
TABLE 74 
ActTION oF SoLuBLE SrarcH ON TAYLORVILLE Crry WaTER 
: i 
eeutn } Composition After Boiling, p.p.m. 
Test No. Added Minutes 
p.p.m. Boiled oh 
Silica Calcium Magnesium 
Ce hos 20 15 30.0 72.3 73.4 aa 
toes 40 ic 29.0 73.1 74.9 7 
Gis obcianc Content 80 15 S253 71.0 7528 § 
s 
GS eee eaves 20 60 9003 88. 71.6 
ee, co ee 40 60 22.0 Teor 67.3 . 
(So hinge eeeeem 80 60 23.0 75.7 72.0 ‘4 


a i 
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‘Taylorville City water, a water high in calcium and sulphate. 
Table 71 shows the results of boiling this water. 


It can be seen from this table that soluble calcium in the unboiled 


water is very high (189.2 p.p.m.), and that the sulphate is exceedingly 


high (443 p.p.m. SO,). The table also shows that, after one hour of 
refluxing, the solubility of the calcium apparently reached a mini- 


mum value for the time of refluxing of this experiment, and with 
longer heating the indications are that in this water the solubility 


of the calcium would remain at about 70 parts per million. 
Tests on this water were run in exactly the same manner as in the 


case of University water, using pyrogallol, cutch, and starch. The 


results of the various concentrations of these tests are shown in 
Tables 72, 73, and 74. These may be summarized as follows: 


Pyrogallol 

(1) In all cases it appears that the higher the concentration of 
pyrogallol, the higher the solubility of calcium. 

(2) The efficiency of a concentration of 160 parts per million of 
pyrogallol in maintaining the solubility of calcium appears to war- 
rant its use, even over long periods of time. 

(3) Twenty parts per million of pyrogallol are almost as effective 
as 40 parts per million. 

(4) The relationship of the concentration of pyrogallol to its 
effectiveness in maintaining the solubility of calcium in Taylorville 
water is somewhat analogous to the similar relationship for Uni- 


versity water. 
Cutch No. 1 


(1) For a short period of time (15 minutes), it appears that all 
concentrations of cutch No. 1 above 20 parts per million (that is, 40 
parts per million, 80 parts per million, and 160 parts per million) are 
equally effective in maintaining the solubility of calcium. 

(2) As the time increases, a direct relationship is shown between 
the concentrations of cutch No. 1 and the solubility of calcium. 

(3) The effect of cutch No. 1 on Taylorville water is analogous 
to its effect on University water. 


Soluble Starch 
(1) Starch is inefficient in maintaining the solubility of calcium. 
(2) Its action in the case of Taylorville water is similar to its 
action in the case of University water. 


84 


Errecrt or Various Organic MaTertaLts oN Cauctum SoLuBILITY IN 


ILLINOIS ENGINEERING EXPERIMENT STATION 


TABLE 75 


TAYLORVILLE City WATER 


Residual Calcium in p.p.m. 
Organic Material Minutes 
Added Boiled 0 20 40 80 160 

p.p.m. p.p.m. p.p.m. p.p.m. p.p.m. 

Organic Organic Organic Organic Organic 
Blank... o.cassc<s 0 189.2 
Blane et ceteseclarals severe 15 95.1 ee abs 5 aan 
Bytogallol= -sie.-ii « 15 sate 138.5 131.3 140. 163.0 
CUE. wicnscsesie envene aie 15 130.9 149.5 149.0 145.0 
SSUAPOM «apencvsiniete aie, s 15 72.3 73.1 71.0 sca 
Blank 60 67.6 Eee ome oie Py Pe 
Pyrogallo 60 Bee 97.5 104.0 116.0 143.0 
Cutch 60 95.3 107.4 112.3 116.5 
Starch 60 88.7 78.7 75. nittegs \ 
Blavile ec. pee aneive ais 120 70.8 ees AA Sto5 card : 
Pyrogallol.........- 120 ome 93.5 101.0 119.0 131.5 ; 
OuUtCH enc ararearer seins 120 87.9 97. 105.8 117.2 
UALChe pinecone wuss 120 aie Ee Ans Shes 

Conclusions from Taylorville Water Results 


Just as in the case of Table 67 for University of Illinois water, 
Table 75 shows a combined summary of the results with Taylorville 
water, in order to present a comparison of the effectiveness of pyro- 
gallol and cutch in maintaining the solubility of calcium at each 


concentration. 


Concentration 20 Parts Per Million 


Table 75 shows the relative effectiveness of cutch and pyrogallol 
at a concentration of 20 parts per million to be as follows: s 
(1) Cutch and pyrogallol at this concentration are about equally 
effective in maintaining the solubility of calcium, pyrogallol being 
slightly more effective. 


Concentration 40 Parts Per Million 


_ 


Table 75 presents a comparison of the relative effectiveness of 
pyrogallol and cutch at this concentration, which may be stated as 


follows: 


(1) At this concentration apparently cutch No. 1 is slightly more 
effective for shorter periods of time, while for runs of long duration 
pyrogallol would be more effective in maintaining the solubility of 


calcium. 


Concentration 80 Parts Per Million 


Table 75 compares pyrogallol and cutch at this concentration; 
from the data presented the following conclusion may be drawn: 
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(1) As in the foregoing, here also it appears that cutch No. 1 is 

slightly more effective at this concentration for shorter periods of 

time, while for long runs pyrogallol is more effective in maintaining 
the solubility of calcium. 


Concentration 160 Parts Per Million 

Table 75 shows a decided difference from all the previous compari- 
sons as to effectiveness in that 

(1) Pyrogallol is more effective than cutch No. 1 at this concen- 
tration, for runs of either short or long duration. 

As a general summary of the foregoing comparison, the following 
table may be of some help. It must be remembered, however, that 
any individual comparison where the same concentrations are com- 


General Ability to Poncentrsaen 
Maintain Solubility 
of Calcium 20 40 80 160 
p-p.m. p.p.m. p-p.m. p.p.m. 
Ste ek ges ps ose Pyrogallol Cutch No. 1 | Pyrogallol Pyrogallol 
CCODG Semmes eo Cutch No. 1 | Pyrogallol Cutch No. 1 | Cutch No. 1 
Nepatlvey sc... 2-4: Starch SS UAT Li mn | lesion tira th EWC 3 sca 


pared must be considered in connection with this chart. Starch in 
all cases appeared to give results comparable to those of a blank. 

In considering the hypothetical combinations in the preceding 
table, it will be seen that, on refluxing, the calcium content of Taylor- 
ville water should never fall below 61 parts per million. This is due 
to the fact that this calcium is combined as calcium sulphate, the 
solubility of which is not decreased to a point of precipitation at the 
temperature used. It will be interesting to note that at all times when 
the organic materials were added, the lowest calcium content never 
fell to this value, but was always much above it. It will also be 
noted from the experimental evidence that this low calcium value was 
more closely approached with starch and gelatin than wi a any of 
the other organic materials tested. 


Generalized Conclusions 
Inasmuch as this entire report is made up of individual Monel 
sions drawn from individual experimental data, it might be advisable 
to make the following generalized conclusions: 
(1) With all the organic compounds tried the soluble calcium 
decreased with time of boiling. 
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TABLE 76 
ANALYSIS OF TAYLORVILLE Crry WATER 


Oalowanin so cia siete eine aol eis OtPmeuaasiata lv tovaolive/a retain 190 p.p.m. 
Mia ginest titties ig, sonscceca: ates elton oi si'e io) oteeueatole nelalas 68 p.p.m, 
Total Alkalinity. as 'Ca@Qs, 2.0.05 secs ames 323 p.p.m. 
Toba Sap bate vata a. oisyoe: scasc alel oselarnle oes) srsrs roel 443 p.p.m. 
Hypothetical Combination 
Calcium) ‘Carbonate; csc «seers v6 ata O20 D-Dilele 
Calcitin Sulpates ayvanton gan aera sales ~2 1207 D.Pats 
Magnesium Sulphate. ...............- re 340 p.p.m. 
Sodium Sulphate ye ere -o:» c <tereipries aie elas sss ee 37 p.p.m. 


(2) With all the organic compounds run for different lengths of 
time, the soluble calcium increased with an increase in organic matter. 

(3) Pyrogallol was most effective in maintaining the solubility of 
calcium for periods of no longer than two hours. 

(4) For periods of time of two hours or longer, tannic acid was 
the most effective compound to use to maintain the solubility of 
calcium. 

(5) For maintaining the solubility of calcium for short periods 
of time (15 minutes), cutch No. 1 and No. 2 were effective when used 
in concentrations of greater than 40 parts per million. 

(6) Neither starch nor gelatin was effective in maintaining the 
solubility of calcium above that of a blank. 

(7) The organic materials, in order of decreasing effectiveness in 
maintaining the solubility of calcium, may be given as follows: 
pyrogallol, tannic acid, chestnut extract, cutch No. 1, cutch No. 2, 
gelatin, and starch. 

(8) Oxidation of pyrogallol by means of air during refluxing 
apparently decreases the effectiveness of the pyrogallol in maintaining 
the solubility of calcium. 

(9) On ultimate refluxing, an ultimate equilibrium would be 
established whereby the soluble calcium would approach the value for 
a blank. This equilibrium is reached after different periods of time, 
depending upon the organic material used. 

(10) Pyrogallol, when added to a solution after a definite amount 
of calcium has been precipitated, tends to maintain the solubility of 
calcium where it picks it up, but does not tend to redissolve any of 
the precipitated calcium. 

(11) The relative change in pH, which occurs during refluxing and 
precipitation of calcium carbonate in the presence of organic material, 


is so slight that its effect on the solubility of calcium would be 
negligible. 
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Fig. 14. Apparatus Usep ror ScaLte PreveNTION TESTS 


(12) The effect of organic material in maintaining the solubility 
of calcium in a high-calcium, high-sulphate water (Taylorville water) 
is comparable to its effect in the case of a low-calcium, low-sulphate 
(University) water. 

(B) Tests in Scaling Boiler 
(1) Calcium Sulphate Scale Tests 


In order to study the effect of the organic materials on scale pre- 
vention in boilers, a small stationary boiler having a capacity of three 
liters, a continual heat take-off, and condensate return, was designed 
and constructed of high pressure material. The arrangement of this 
experimental unit is shown in Fig. 14. The radiation was calculated 
at 650 B.t.u. per hour and a corresponding heat input was arranged 
by winding 75 ft. of No. 18 Chromel wire about the outer shell of the 
boiler, this heating coil operating on a 110-volt line. The main heating 
coil A, a 1.1 kw. General Electric heating cartridge, was placed in 
parallel with the radiation winding and carried a total of 10 amperes. 
In series with this heating coil was placed a Mercoid pressure control 
M and a Risotherm N which controlled the temperature within the 
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boiler. By operating the boiler so that the water level was above the 
point B, the rate of transfer of heat through the water and then to 
the Risotherm was not sufficient to break the circuit. When the water 
level fell below the point B, the rate of transfer of heat due to more 
rapid diffusion through the steam was sufficient to cause the Riso- 
therm to break the circuit with the main heating coil. 

The pressure was controlled by a Mercoid gage which broke the 
circuit, sending the current through a resistance when the pressure 
became more than that determined by the setting. The radiation 
coils were divided into 75 and 25 ft. sections so that additional heat 
could be supplied when bringing the boiler up to pressure. 

Heat was continually removed from the boiler through the heat 
exchange C, which consisted of a glass tube sealed about the pipe D, 
which led from the top of the boiler back into the bottom. The pipe 
then acted as a take off and return. The amount of heat taken out 
of the boiler was determined by the amount of water present in the 
heat exchanger, which was arranged so that the water could be 
condensed in and returned to the system. The exchanger and con- 
denser were in no way connected with the boiler internally, and were 
operated at atmospheric pressure. The valve F acted as a blow valve. 
A high pressure needle valve and union were placed at H so as to be 
able to blow any air from the boiler, and also to decrease condensa- 
tion within the boiler after operation had ceased. The tube K was 
placed in the return so as to direct the cold feed up and away from 
the heating coil so that it would have no effect on the scale formation. 


Method of Running Tests 

The boiler water was charged into the unit through a long pipe. 
which extended well above the boiler and which was connected at O. 
All solid material was washed down through a funnel at H, then the 
valve F was closed and the union at H replaced. It required about 
30 minutes to bring the boiler up to 200 Ib. per sq. in. gage pressure. 
When this pressure was attained the low heat was turned on And 
water placed in the heat exchange. The Mercoid control then held 
the pressure at from 250 to 275 lb. per sq. in. gage, and the boiler was 
operated 46 hours. 

An extensive series of tests was first run in which the concentra- 
tions were from 250 to 1000 p.p.m. calcium sulphate, 3 millimoles per 
liter sodium hydroxide, 1000 p.p.m. sodium sulphate, and 60 p.p.m. 
sodium chloride. Two solutions were made of identical composition 
except for the calcium sulphate concentration. Solution No. 1 con- 
tained no calcium sulphate, while Solution No. 3 contained 1000 p.p.m. 


_ 


+ 
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calcium sulphate. Thus, by adding proportional amounts, the final 
solution contained the former concentrations. 
In the second series of tests, it was desired to change the alkalinity 


from 1 to 6 millimoles per liter. Thus the feed make-up was changed. 
Separate solutions of calcium sulphate 1000 p-p.m. (No. 1), sodium 


sulphate 4000 p.p.m. (No. 4), sodium chloride 1200 p.p.m. (No. 6), 
and sodium hydroxide 120 millimoles per liter (No. 5) were pre- 
pared. Thus, by taking 1000 ce. No. 1, 500 ce. No. 4, 100 ce. No. 6, 
and 100 cc. No. 5, and adding 300 ce. of distilled water, a final solu- 
tion was obtained containing 500 p.p.m. calcium sulphate, 1000 p.p.m. 
sodium sulphate, 60 p.p.m. sodium chloride, and 6 millimoles per liter 
of sodium hydroxide. At the same time as the feed was prepared, a 
blank was made using the same concentration, and then analyzed so 
as to have a check on the concentrations added to the boiler. 

Table 77 shows the results of the tests made using various com- 
pounds in the small laboratory test unit at 212 deg. F. The column 
in the table headed “Tannin” refers to tannic acid; the term “tannic 
acid” as commonly used refers to gallotannin. Gallotannin has no 
seale-inhibiting properties. Tests using gallotannin as an inhibitor 
failed to show beneficial results, either in the small testing unit or in 
the pressure boilers. Chestnut tannin, however, is a decided inhibitor. 
This tannin belongs to the class of tannins known as phlobatannins. 
Chemically, the phlobatannin is decidedly different from the gallotan- 
nin. While the chestnut tannin, which is a typical phlobatannin, has 

-scale-inhibiting properties, it is found that hemlock tannin, which also 
falls in the same class (known as phlobatannins), is not an inhibitor. 
Since the chemical structure of chestnut tannin and hemlock tannin 
are very similar, it is difficult to account for this difference in inhibit- 
ing power. 

Several nitro phenolic compounds and other miscellaneous com- 
pounds were tested in the course of this investigation. The results 
of these tests are shown in Table 77. 

Many of the compounds listed in the table gave good results when 
tested in the small laboratory test unit. Many of these compounds, 
however, when used in the test boilers failed to show scale-inhibiting 
properties. The pressure maintained by the boilers was 275 Ib. per 
sq. in.; the length of each test run was approximately 48 hrs.; and 
the calcium sulphate concentration was usually in the region of 500 
parts per million. Since these compounds failed to show beneficial 
results under these conditions, they were temporarily abandoned. 

Several commercial preparations were then tried in an effort to 
find something that would have scale-inhibiting properties under the 
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TABLE 78 


RELATIVE SCALE-INHIBITING EFFECT OF THE DIFFERENT SOLUBILITY FRACTIONS OF 
THE NATURAL PRopUCTS 
Roman numerals refer to charts; the numbers in parentheses refer to fractions (see pp. 93-96) 


I II Ill EY) ¥. VI Vil vul 


(4) - (6)| @)-@) (1) (1) - (3) (2) (1) (1) (1) 
(1) - (3) (4) (1) - (4) - (6) (1) (3) 
(2) - 3) 


——— 


Decreasing inhibiting power 


operating conditions of the boiler. Some of the commercial prepara- 
tions tried were the following: cutch No. 1, No. 2, and No. 3, chestnut 
extract, hemlock extract, japonic, chesaco extract, and tannic acid. 
Of this series of commercial products cutch No. 1 was found to give 
the best results. Chestnut extract showed very decidedly scale-inhibit- 
ing properties, but was not comparable with the previously men- 
tioned products. The remaining products were entirely without notice- 
able scale-inhibiting properties. 

Since all of these materials are mixtures of many organic com- 
pounds, as is easily determined by their solubility behavior, attempts 
were made to isolate from the most effective product the chemical 
constituent responsible for the scale-inhibiting properties of the 
product. As a first attempt in this direction, a separation of the 
product into fractions was attempted. In this manner it was hoped to 
obtain a fraction which would be a concentrate of the compound or 
compounds responsible for scale inhibition. Separations, on the basis 
of the solubility of the different ingredients, were tried. The different 
methods of separation tried are shown by the accompanying charts. 
The various fractions were tested in the boilers under the conditions 
previously specified. The results of these boiler tests are shown in 
Table 78. 

From Table 78 it. is seen that the methods of separation used in 
Charts II, HI, IV, V and VI have definitely proven that certain 
components of these mixtures have no part in the scale-prevention 
property shown by the product. While the active constituent of the 
mixtures has not yet been isolated, this table shows that at least a 
partial separation of the unnecessary components of the mixture has 
been accomplished. 

The natural tannin extracts are mixtures of several organic com- 
pounds, as is evident from an examination of the literature on tanning 
materials. In view of this, an attempt was made to obtain the pure 
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Cuart II 
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Curch No. / 
Extract with Acetor7e 
kesidvue Filtrare 
(Rejected) (Evaporare to Dryress) 
(5) Extract wit Ertl Acerate 
Residue Filtrare 
pS ) (Evaporare & Qryress) 
(2) 
CEE. filtrate 
(4) Acidity, Sarurate witt 
NaCl ard Filter 
Filtrare Precipitare 
(Oried) 
L£xtract wit) 
Dry Aceror7ée 
aria Evaporare 
to Oryr7éss 
(3) 
Cuarr III 
Curch WVo./ 
15-20 Extractions 
with Cold Water 
kesigie filtrate 
2 Extracriorys Saturate 
WTA Hot Water witha MaC/ 
FES ee filtrate Riise filtrate 
Oried, 

(/) L£xtracr 
Saturarte Extract with Ether 
with NaC/ WIth Dry & Seoarate 
and Filter Acerorre Ether Layer 

Frecipltate Filtrare kestue FUlET Or Lita he Layer 
(Oried) lee :) i (Ory with CaCk) 
Lvaporare 5 
Extract with to Dryness VQPOr AVE 
ie aio . to Oryness 
filtrate festdde a 
(Salt) Wo 7) 
(3) was obtained ir same marner as (2), 

ENE. oe ate but was obtatred atter the second SAMHNG 


(6). 


our. (tls essentially the same as (2). 
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Powaered Chestru? Exrtracr 
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CuHartT V 


Curch No. / 
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Extract with pup Nothing to Dryness 
Dry Acetone Obtained) (/) as) 
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1S) 


Cuart VI 


tannins free from other organic matter. Throughout the several 
separations the aim had been to isolate pure chemical. individuals 
and study their scale-inhibiting properties. Some success had been 
realized from following this procedure. Eventually this» course of 
investigation was dropped, because the similarity of the organic com- 
pounds in these mixtures is so marked that separation of them on 
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Curch Va/ 
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This chart /s not a separation, This procedure was used to regerer- 
ate the cutch from the sludge thrown down wher a saturated sold- 
tion of calciua sulphate containing cutch is rade alkaline. The object 
was to determire, if possible, if the scale-inhibiting properties were 
connected with sludge formatior. 


CuHart VII 


Curch No./ 


Extract withh NaHCO; 
Solution (Excess) 

kesidue filtrate 

Acidified witt HC/ 


Filtrate Cee 
(/) 


Nore This chart was made to obtain the trac- ‘ 
tion (1) which was ror isolated tv Chart W. 


CuHart VIII 


the basis of a difference of solubility towards organic solvents was 
not decided enough to give clear cut separations. 

Dr. Alfred Russell has expressed the opinion that the scale-inhibit- 
ing property of the tannin is dependent upon the astringent nature of 
the tannin, Furthermore, it was his opinion that the iron-greening 
and iron-blueing property, or the ability of the tannins to form iron 
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‘ee te ie ee dilate A ni, 


iP Hol at Cutch No. 1 at 
ie. albalaive low alkalinity 
Good — . Good 


a 


OE RE 


Pyrogallol at Cutch No. 1 at 


high alkalinity high alkalinity 
Indifferent Fair 


Fira. 15-a. PHoromicrocrRaPpHs or ScALE ForMEpD 
20 x 


tannates, was in some way connected with the scale-inhibiting prop- 
erty of the tannin. An iron tube permitted to stand in a tannin 
solution, even though alkaline, will form on its surface a dark film 
which readily sloughs off with rubbing. This attack on the iron by 
the tannin is very slight, and could not possibly be injurious to the 
boiler tubes. Considerable experimental evidence in favor of this 
speculation has been obtained. 

At first, the extraction of the more astringent or acidic fraction 
was tried. This could only be tried on cutch No. 1, since it is the 
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Indifferent Indifferent 


_ _Pyrogallol + phenylenediamine 
(Alkalinity maintained with phenylenediamine) 
Good 


Fic. 15-b. PHotomicrocraPHs or SCALE ForMED 
20 x 


only one of the natural extracts under discussion that has a sufficiently 
low solubility in water to make such a separation feasible. The 
procedure followed is outlined in Chart VI. The results obtained were 
not decisive enough to be depended upon. The various fractions ob- 
tained are tabulated in Table 79. An examination of this table shows 
that the more acidic portion of the extract and the less acidic portion 
have practically the same scale-inhibiting properties. 

The astringent ‘effect of the tannin can also be emphasized by 
lowering the alkalinity of the boiler feed water, and this accomplishes 
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TABLE 80 
Errecr or ALKALINITY ON ACTION OF ORGANIC MATERIALS IN PREVENTING SCALE 
Total Alkalinity Ex- 
Concentration of CaSO. pressed in Millimoles 
Inhibitor Condition of Tube le Per Liter of NaOH 
Tested After Test 
At Start At End Before After 
P ROMA jcc oq eisai wy qieon tel Good 500 70.7 0.5 Alk. 
Pyrogallol big Bea ate pieuein ges Indifferent (no good) 500 91.0 6.0 3.4 
Gute NOL eee csicaiers'y Good 500 70.0 0.5 Alk. 
GCuteh Nos Lesiwes sone Indifferent (no good) 500 67.5 6.0 4.1 
Catechol. . a0 gare seine s Indifferent (no good) 500 64.1 3.0 1.4 
@SLCCHOl. we, vein a's stewietn ¢ Fair 500 33.8 0.5 0.2 
Hydroquinone.......... Indifferent (no good) 500 Tin & 0.5 0.1 
Hydroquinone.......... Indifferent (no good) 500 71.0 3.0 0.9 


the effect unsuccessfully sought after in these separations. When the 
alkalinity of the boiler feed water is lowered, the astringent nature of 
the tannin will necessarily become more decided. The alkalinity of 
the feed water was lowered from 3 millimoles per liter to 0.5 milli- 
moles per liter; Table 80 shows the results obtained. Reference to 
Fig. 15 and to Table 80 shows the vast improvement effected when the 
astringent property of the tannin is not repressed by alkalinity. The 
blank pictures are inserted for comparison. While sufficient time has 
not been available to run tests on the entire series of these tannins at 
the lower alkalinity, it seems safe to assume that they will all act 
in this same manner. 


Purification of Tannins and Isolation of Catechin 

It has been previously mentioned that isolation of pure chemical 
individuals from these natural extracts was attempted in order to 
discover what was responsible for the seale-inhibiting effects obtained. 
The crystalline principle of cutch in catechu is reported in the litera- 
ture to be catechin. Therefore, the commercial preparations called 
cutch probably contain a certain amount of catechin. For instance, 
quoting from “The Natural Organic Coloring Matters” by A. G. 
Perkin and G. E. Everst, pages 463 and 444, “There are several 
varieties of Catechu or Cutch bearing different names, according to 
the country or plants from which they are obtained. The following 
are those principally employed by dyers and tanners: Gambier 
Catechu; Bengal or Acacia Catechu; Bombay or Areca Catechu; and 
Mangrove Cutch.” 

“Catechin; C,;H..O. - 4H.O; the crystalline principle, was first 
described by Nees Van Esenbeck (Annalen; 1832; I, 243), was sub- 
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sequently examined by Berzelius in 1837 (Jahres; 14, 235), and more 
recently by numerous chemists.” 

“Mangrove Tannin;C.,H»,0,.. This important tannin is derived 
from the Rhizophora Mangle (Linn.), R. Mucronata (Lam.); Ceriops 
Candolleana (Arn.); C. roxburghinna (Arn.) and other allied species. 
It is described as an amorphous red powder, which, on fusion with 
alkali, gives protocatechuic acid, and with boiling dilute sulphuric 
acid, the phlobophene C,sH,,0., ...... This tannin closely re- 
sembles in its properties catechutannic acid (see Catechu), and indeed 
Mangrove Cutch and Catechu may be employed in many cases for 
the same purpose. Possibly these two substances are identical, and 
Procter (private communication) has isolated from Mangrove Cutch 
a small quantity of a colorless crystalline substance resembling 
Catechin.” 

Consequently, pure catechin was obtained and tested as an inhib- 
itor. It was isolated from japonic in the following manner: Finely 
powdered japonic was extracted with ten times its weight of boiling 
ethyl acetate, the solution. evaporated, and the residue crystallized 
from ten times its weight of water. The product was again dissolved 
in boiling water, and a lead acetate solution added, drop by drop, 
until a colored precipitate was no longer formed, and the filtrate was 
almost colorless. The latter, while hot, was treated with H.S, the PbS 
removed, and the crystals, which separate on cooling, were collected, 
washed, and allowed to dry at room temperature. 


Catechin formula Lit. M.P. Expt. M.P. 
OH 205 deg. F. 205 deg. F. 
oak 
ria Ee mt 
CHOH 
So 
on CHe 


The catechin obtained was very pure. It was colorless, and possessed 
a sharply defined melting point at 205 deg. F. This melting point was 
for the catechin having the formula just given with 4 molecules of 
water of crystallization. This, when tested in the boiler, gave the 
results indicated by the photomicrograph in Fig. 16. It is quite appar- 
ent that catechin, which is similar in character to the tannins in many 
respects and often occurs with them, does not have scale-inhibiting 
effect. The tannin remaining after the extraction of the catechin. 


retained its inhibiting power. 
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Catechin Blank 


Fic. 16. PHoToMIcroGRAPHS OF SCALE FoRMED WITH AND 
WITHOUT CATECHIN PRESENT 
20 x 


Isolation of the Pure Tannin 

The following method is one commonly used in isolating pure 
tannin: “All the well known tannins are dissolved by hot water, and 
yield precipitates with lead acetate solution, and thus by decomposing 
the well-washed lead precipitate from a plant infusion in the moist 
condition with H.S, a crude solution of the tannin is obtained. This 
can be concentrated in vacuo over caustic potash or sulphuric acid. 

As, however, the tannin usually exists in the plant side by 
side with yellow colouring matter, either in the free state or as 
glucoside, and other secondary substances soluble in water, a frac-~ 
tional precipitation with lead acetate is preferably adopted, in which 
the middle portion usually yields the purest tannin.” 

A combination of this method and the one used by Dr. Russell 
was adopted, as is outlined in Chart IX. 

Figure 17 shows the results obtained and indicates that purified 
tannin exhibited no noticeable improvement over the crude extract. 
The method of isolation described did not prove feasible for the more 
soluble extracts. The tannins from these extracts were, however, 
purified by the method used by Dr. Russell, but were never tested in 
the boilers, since the test described indicated that this purification 
would not result in any decided improvement over the original extract. 

The information available in the literature concerning reactions 
of tannins strengthens the assumption that a break down of the tannin 
molecule occurs in the boiler. Several tests are available for the 
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determination of tannin stability under conditions of extreme heat, 
but are not exactly analogous to the conditions under consideration. 
The fusion tests which lead to a complete break down are too extreme. 
One test often used and which seems to involve only the temperature 
effect upon tannins is the glycerol test, which is as follows: 


Heating with Glycerol 
One gram of the tannin is heated with 5 cc. of glycerol, the tem- 
perature being slowly raised from 320 deg. F., and kept for one-half 
hour between 392-410 deg. F. The product, diluted with 20 cc. of 
water, is extracted with ether, the extract evaporated, and the residue 
tested for pyrogallol or catechol. 
| CH,OH 


Since glycerol CHOH is a viscous inert substance boiling at 554 


CH,0H 
deg. F., no reaction between it and the tannin will occur, but. rather 


it serves as a solvent which will permit extreme heat to be applied 
to the tannin. Therefore, the glycerol test was used to gain some 
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Purified Tannin Blank 


Fig. 17. PHOTOMICROGRAPHS OF SCALE FORMED WITH AND 
WITHOUT PurRIFIED TANNIN PRESENT 
20 x 


idea of what change the phlobatannin molecule might undergo at 
higher temperatures. When the temperature of the glycerol and 
tannin mixture reached 320 deg. F., a strong evolution of gas started 
which continued during the three hours of heating. The two tannins 
used were chestnut extract and cutch No. 1. Since it was known that 
the broken-down tannin material that finally results in the flask is 
composed of pyrogallol, catechol, and similar simple hydroxy benzene 
derivatives, attempts were made to obtain information as to the nature 
of the gas evolved. Decomposition material other than pyrogallol 
and catechol and other phenolic compounds undoubtedly remained in ~ 
the flask. Since the phenolic compounds do not display the strong 
inhibiting properties of the extracts at higher alkalinity, but do dis- 
play, on the other hand, as strong or stronger inhibiting ability at 
lower alkalinity, it seemed probable that, if a break-down of the 
molecule took place in the boiler, it was not completely to the phenolic 
compounds of the pyrogallol type. Since the ultimate or complete 
break-down does lead to phenolic compounds, the assumption that 
the breakdown is of an intermediate nature is necessary to explain 
the discrepancy between the effect of the tannin extract and the 
hydroxy benzene derivatives as inhibitors at the higher alkalinity. 
The fact that an evolution of gases occurred indicated that decom- 
position started at this temperature, 320 deg. F. The phlobatannin 
structure previously given* would suggest that the gas evolved 


*See page 59. 
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might be some one of the following: hydrogen, carbon monoxide, 
carbon dioxide, unsaturated hydrocarbons, or formaldehyde. By 
passing the evolved gas through suitable reagents, most of these 
possibilities were eliminated. The first reagent through which the 
gas was bubbled was a BaCls-KMn0O, solution. If carbon dioxide was 
being evolved, a precipitate of barium carbonate should have formed, 
but none was observed; this eliminated the possibility of the evolved 
gas being carbon dioxide. Had the gas been carbon monoxide, the 
KMn0, solution would have oxidized the carbon monoxide to carbon 
dioxide, and a barium carbonate precipitate would have been obtained. 
No precipitate was obtained; however, the KMnQ, solution was de- 
colorized, indicating the presence of an oxidizable gas other than 
carbon monoxide. Furthermore, the decolorization was not due to 
hydrogen, since KMnO, solution is only decolorized by nascent hy- 
drogen. However, a considerable amount of the gas was not dissolved 
by the reagent, and this gas passing unaffected through the reagent 
must have been hydrogen. The gas causing the decolorization of the 
KMn0O, could have been, it seems, an unsaturated hydrocarbon or 
formaldehyde. The decomposition involved probably the elimination 
of hydrogen, formaldehyde, or an unsaturated hydrocarbon. The 
identification of the gas could have been made with additional work. 

As was previously stated, extreme conditions would carry the 
decomposition to phenolic compounds, but undoubtedly the decom- 
position never reaches that stage but probably stops at a relatively 
stable intermediate compound for the reason previously cited. This 
evidence is given in support of the idea that the tannin, as such, does 
not exist at the end of a test, and that the effective inhibitor is a 
compound resulting from the decomposition of tannin. This would 
explain the discrepancy between the various phlobatannins. While 
the various phlobatannin molecules bear a close relationship to each 
other, their decomposition products might vary widely. The phloba- 
tannin molecule has been synthesized by Russell, as previously stated. 
There is little room for doubting the structure that he has given, since 
he started with simple known organic compounds and built up the 
molecule stepwise. A piece of cleaned and scraped sheepskin immersed 
in a concentrated solution of this synthesized tannin showed no sign 
of decomposition after four months, and assumed the characteristics 
of leather. Since the compound also gave the same type reactions as 
a naturally-occurring phlobatannin such as hemlock, there is little 
doubt that the structure assigned it represents the general structure of 
a phlobatannin. 
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Therefore, since both hemlock and chestnut are phlobatannins, 
they would be expected to have approximately the same inhibiting 
power, provided they remained as such throughout a test run. Like- 


wise, if the break-down of the tannin is completely to phenolic com-_ 


pounds, then their inhibiting power should still be about the same, 
since none of the phenolic compounds are effective at the higher 
alkalinity. Traces of ellagic acid have been reported found in chest- 
nut extracts, and, since this was thought to be a possible explanation 
for the different results obtained, myrobalan extract containing from 
30 to 40 per cent of ellagic acid was tested and the results were 
negative. The formation of ellagic acid is represented thus: 


O 
Gallic Acid O Gallic Acid 


Ellagie Acid 


In view of this possible reaction, a gallic acid and potassium per- 
manganate combination was tried in the boiler, and a remarkably 
clean tube obtained, as is evident from an examination of Fig. 18. 


The results shown were not due to the ellagic acid formed, as” 


shown in the equation, but to the additive effect of the gallic acid- 
potassium permanganate mixture. Since no gallic acid is obtainable 
from a phlobatannin, the indicated reaction would not occur and no 
ellagic acid would be expected. While the ellagic acid hypothesis might 
possibly explain the discrepancy between chestnut and hemlock, it 
does not help to account for the effectiveness of cutch No. 1. This 
cutch, while a phlobatannin, or at least giving all the characteristic re- 
actions of a phlobatannin, differs widely from the other extracts used. 
It is with difficulty soluble in water, while it dissolves readily in a 
slightly alkaline solution. Its inhibiting power is not as sensitive to 
a change of alkalinity as that of the other extracts. Cutch No. 1 is 
remarkably stable toward alkali. After boiling with 1 normal NaOH 
for several hours, its inhibiting power was not affected to any great 
extent. Its inhibiting effect, however, was easily destroyed by boiling 
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: KMn0Os Blank 
Alkalinity 3 mm. per liter in each case 


Fic. 18. PHoromicrocRaAPHS oF ScALE FORMED AFTER 
OXIDIZING ORGANIC MATERIAL 
20 x 


with dilute HCl, as will be noticed by referring to the miscellaneous 
chart. This undoubtedly is due to phlobophene formation, which 
further demonstrates its phlobatannin character. This phlobophene 
has no iron-greening or iron-blueing property. 

Table 81 lists the tannin classification reactions. The three large 
classes of tannin are: phlobatannins, gallotannin, and ellagitannin. 
The class gallotannin has a sole member, which is what is commonly 
called tannic acid. Ellagitannin was not available. Myrobalan ex- 
tract, previously mentioned, is an example of that type of tannin. All 
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Fig. 19. Errecr or OrGANIC TREATMENT ON CALCIUM SULPHATE SCALE 


remaining tannins encountered have been phlobatannins of various 
types. In the table, only two classes are represented, namely, gallo- 
tannin and phlobatannin. This table is inserted to bear out the 
distinction that is made between gallotannin and phlobatannin. 

Table 82 gives a summary of the results of the tests made on™ 
various materials tested in the scaling boiler. Figure 19 shows photo- 
graphic views of tubes, and illustrates the action of organic material 
in stopping the formation of calcium sulphate scale. 


Conclusions 

A summary of conclusions is as follows: 

(1) The inhibiting power of the pure tannin and the crude extract 
is practically the same. 

(2) A reduction of alkalinity in the case of sulphate scale greatly 
increases the inhibiting property of the tannins, pyrogallol, etc. 

(3) The inhibiting power of tannins, pyrogallol, and phenolic 
compounds is not noticeably affected by any change of alkalinity in 
the ease of calcium silicate scale. 


— ee | 
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TABLE 83 
Errect or Sopium HyproxipE on Caucrium SILICATE ScaLeE ForMATION 


Time of test; 46 hours 
Pressure, 225-250 lb. per sq. in. 


SiO. CaSO, 4 NaOH 
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liter liter CaSO. Pee Ete 
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(4) The inhibiting power of the tannins, pyrogallol, etc., is not 
_ due primarily to holding the calcium in solution. The concentration 
of calcium sulphate in the boiler water at the start of a test was 500 
parts per million. At the end of a test, the calcium sulphate concentra- 
tion in solution varied approximately from 8 parts per million to 80 
parts per million. In any case, however, at least 420 parts per million 
of calcium sulphate must have left the solution, coming out in the 
form of a scale or sludge. 

(5) The catechin occurring in many of these extracts is not 
responsible for the scale-inhibiting property displayed by the extract. 


(2) Silicate Scale Tests 


Tests were run in the laboratory boiler at 250 lb. per sq. in. in 
which calcium silicate scale was formed by adding calcium sulphate 
and sodium metasilicate to the boiler water. 

By treating the feed water with pyrogallol or cutch so that the 
resulting concentration was 100 p.p.m., the formation of scale could 
be stopped at alkalinities varying from 1 to 6 millimoles per liter. As 
in the case of calcium sulphate scale, it was necessary to determine 
the effect of increased alkalinity on the formation of calcium silicate. 
The alkalinity is not the controlling factor in this particular scale 
deposition, but rather the concentration and molal ratio of calcrum 
to silica. Table 83 and Fig. 20 show the results obtained. Since pyro- 
gallol showed definite inhibiting power, a series of tests on phenolic 
compounds gave the results shown in Table 84. , 

Figure 21 illustrates the inhibiting power of the phenolic com- 
pounds, showing the increase in inhibiting power with increase in OH 


groups in the ring. 


Time of Test, ou 
Pressure, 225-250 lb. per sq. i 
Amount of inhibitor, 
Inhibitor 

Used 


= Phenol... 


Resorcinol 


Hydroquinone 


~ Catechol 


Phloroglucinol 


HO, 
Pyrogallol HO—~<_» 
HO’ 
QwinonGsmraceaee ees 0=C _>=0 Good q 
O : 
Anthraquinone....... No effect 
i. 
oO a 
OH 
H 
Wlizarine oka caine | No effect 
: 


The larger molecules such as anthraquinone and alizarin have no 
effect whatsoever. 


Table 85 shows the effect of various tannin materials in inhibiting 


calcium silicate scale formation. The fact that eutch No. 1 showed | 


the same inhibiting power at 100 and 50 p.p.m. indicates that there 


PREVENTION OF SCALE IN STEAM BOILERS 113 
TABLE 85 


_ Errect or Tannin MaTertrAats IN PREVENTING Cauctum Simicatr ScaLte FoRMATION 


Time of test, 46 hours 
Pressure, 225-250 lb. per sq. in. 
Amount of inhibitor, 100 p.p.m. 


Inhibitor Used Ex ceve Inhibitor Used Bay bere 
Re Allatannince soc conte clacie sek oe ars Good Hemlock extracteec = na nix oe tre ah Fair 
ROTIECGHEN Onto weir eS Good Cutch No. 1—100 p.p.m...... en. Good 
Chestnut extract................. Good Cutch No. 1—50 p.p.m Sp eleccnsawwee Good 


is probably not a stoichiometric relation necessary, but that the 
action is mechanical. 

Only a few tests were run on sodium-alumino silicate scale. It has 
been shown that the ratio of silica to alumina is 4 in analcite. Al- 
though this ratio is present in analcite, the existing concentration in 
the feed water does not have to be at this ratio for a sodium-alumino 
silicate to form. Analysis of a sodium-alumino silicate scale showed 
the following: 54.3 per cent SiO., 27.4 per cent Al,O;, and 7.53 per cent 
H.O, or a ratio of silica to alumina of 3.36 and of silica to water of 
2.16, which agrees well with that ratio of constituents in analcite. 
Analysis of the blow down showed the ratio of silica to alumina lost 
from solution to be 5.5. 

Sodium-alumino silicate scales are very firm, tenacious, and heat- 
resisting, and cannot be removed from the heating tube easily. The 
controlling factor in the formation of heavy sodium-alumino silicate 
scale is the temperature. Attempts at forming the scale at tempera- 
tures corresponding to 250 lb. per sq. in. gage were futile, while 
temperatures corresponding to 750 lb. per sq. in. to 900 Ib. per sq. in. 
gave a very definite scale. Cutch No. 2 seemed to affect the formation 
of the sodium-alumino silicate scale to the greatest degree. Pyro- 
gallol and cutch No. 1 had very little effect, while cutch No. 2 seemed 
to cause the formation of a soft scale, which could be removed easily. 

Figure 22 shows clearly the effect of the organic material on the 
scale formed. 


10. Conclusions Drawn from Organic Studies——Particular con- 
clusions have already been stated in the various sections of this 
report, consequently, only the main conclusions will be summarized 


here. 
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CaSOs—1.67 millimoles per liter CaSO.1—1.67 millimoles per liter 
SiOz —1.67 millimoles per liter SiOz —1.67 millimoles per liter 
NaOH—6. millimoles per liter NaOH—3.__ millimoles per liter 


CaSO.i—1.67 millimoles per liter 
SiOz —1.67 millimoles per liter 
NaOH—1.5 millimoles per liter 


Fic. 20. PHoromicrocraPHs oF Siticate ScaLe 
20 x 


In the treatment of water causing calcium sulphate or carbonate 
scale at 212 deg. F., various organic materials appear to be effective. 
Pure organic materials have been found effective in preventing this 
type of scale, and a study has been made of the structural arrange- 
ment of the most effective organic material. 

The organic material which was effective in preventing scale at 
212 deg. F. was found to increase the solubility of calcium carbonate. 
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CaSOs—1.67 millimoles per liter CaSOs—1.67 millimole i 

; illi i alr s per liter 

now tat millimoles per liter : Si02 _—1.67 millimoles per liter 

be .  IMillimoles per liter NaOH—6. millimoles per liter 
'yrogallol—100 parts per million Catechol—100 parts per million 


CaSOs—1.67 millimoles per liter 
SiOz —1.67 millimoles per liter 
NaOH—6.  millimoles per liter 
Phenol—100 parts per million 


Fic. 21. PHoromicrocraPHs oF CALcIuM SILICATE SCALE 
20 x 


The tests run in the scaling boiler at steam pressures between 250 
and 900 Ib. per sq. in. showed that pyrogallol, gallic acid, and similar 
types of organic material were very effective in preventing calcium 
sulphate scale. If the alkalinity was kept low, the organic material 
was more active. Calcium silicate scale was also prevented by means 
of the organic treatment. However, the alkalinity of the boiler did 
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(@)-Orgatiic Treatmed? 


(6)-Wo Trearmert 


Fig. 22. Errect of OrGANIC TREATMENT ON SILICATE SCALE 


not influence this action. Sodium aluminum silicate scale was pro- 
duced at the higher steam pressures and was also prevented by the 
action of the organic material. 

These results on scale prevention indicate that the use of organic™ 
treatment might prove very effective if properly controlled. This 
initial research has merely given a broad outlook on the great possi- 
bilities of this field of water treatment. With this as a foundation, 
there is a possibility that further properly directed research along this 
line would give favorable results. 


